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ABSTRACT

A6 L3

An apparatus was designed and constructed which produced velues of thermal
contact conductance in a vacuum environment at low temperatures. The
meterials tested were aluminum TO75-T6 and stainless steel 17-4 PH. The
temperature range studied was -250°F to +30°F for aluminum and -200°F to
4150°F for stainless steel. The vacuum environment was between 10~5 and 10-6
torr. Thermal contact conductance was obtained as a function of contact
pressure, surface roughness and surface flatness deviation. The contact
pressure ranged irom O to 1000 psi.

Data in the literature and the present contact conductance dsta were plotted
against contact pressure for various roughnesses on log-log graphs. The
power dependence of contact conductance as a function of contact pressure
was determined. Low temperature data dependencies were compared to high
temperature data dependencies.

High temperature literature data and the present low temperature data were
compared to Clausing and Chao's theoretical predictions of thermsl contact
conductance. Discrepancies between data and theoretical predictions are

discussed.
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INTRODUCTION

This report presents thermal contact conductance data and theory for
conditions slmulating deep space.

Heat flowing across (perpendiculer to) two metallic surfaces in con-
tact results in a temperature difference across the interface. The
heat flux across an interface divided by that temperature difference
is the thermal contact conductance.

To design systems to operate in space, knowledge of accurste values
of thermal conductance is necessary. For example, temperatures of
many electronic components must not exceed 160°F. Components are
kept cool by bolting their boxes to liguid-cooled pletes. TIn another
example, heat must be prevented from entering the liquid hydrogen and
oxygen fuel tanks. As heat enters the tanks through metallic joints,
boiloff of fuel will occur. Thus at both high and low temperatures,
knowledge of the ebility of metallic joints to transfer heat must be

known. A measure of that ability is the joint's thermal conductance.

For joints at temperatures below 1000°%F » radiation heat transfer is
negligible. Heat is conducted across joints in a vacuum primerily by
metal-to-metal contact.

There esre seven major and three minor parameters upon which thermal
contact conductance depends (Reference 1). Conductance depends
strongly upon:

1. Anmbient (atmospheric) pressure.

2. Contact pressure.

3. Thermal conductivities of mating materials (temperature
dependent ).

L, Hardnesses of mating materials (temperature dependent).

5. Elastic moduli of mating materisls (temperature dependent).
6. Roughnesses of mating surfaces.

7. Flatness deviations of mating surfaces.



Conductance depends less predictably upon:

1. Orientation of msting surface lays.
2. Direction of heat flow between dissimilar metals.
3. ILength of time in contact (not studied in this report).

The first five sections of this report will present new, low temperature
(-150°F to -250°F) values of contact conductance. Materials tested were
gluminum TOT5-T6 and stainless steel 17-4 PH. Vacuum conditions were
from 1077 to 10-6 torr. Contact pressures varied from zero to 1000 psi.
Surface roughnesses ranged from 4 to 135 micro-inches. The author be-
lieves these data are the first reported for structural materials at
low temperatures.

In Sections 6 and T, the dependence of thermal conductance upon contact
pressure is considered. Both high and low temperature data are plotted
as a function of pressure. High temperature data were obtained from the
literature. ILow temperature data were selected from among the results
presented in Section 5. Mathematicel relationships between contact con-
ductance and contact pressure are produced from the graphs.

In Section 8, the average contact conductance is calculeted for a bolted
joint using the results from Sections € and 7. The bolt and nut hold
two aluminum flat plates together, across which heat is passing. The
relations between contact pressure and radius from bolt axis were ob-
tained from the literature. Average contact conductancesare calculated
for high and low temperature bolted joints in a vacuum.

The final three sections of this report deal with the theories of thermal

contact conductance. In Section 9, Holm's electrical analogy to thermal

constriction resistance is clarified. Section 10 is a review of Clausing

and Chso's theory of thermel constriction resistance, which was based on
Holm's work. In Chapter 11, contact conductance data are compared to
Clausing and Cheo's predictions. The materlals used are aluminum and
stainless steel. Comparisons ere made for high temperature and low
temperature contacts.




TEST EQUIPMENT
2.1 Basic Thermal Contact Conductance Test Column

The thermal contact conductance apparatus consisted essentiaelly of a
heating head, two cylindrical test specimen blocks, and a cooling head.
A diagram of the thermal contact conductance test column is shown in
Figure 2-1, and a photograph is shown in Figure 2-2.

2.1.1 Hesating Head

The heating heed consisted of a 2-inch diemeter cylinder of TOT5-T6
aluminum. Around this cylinder was wrapped a double layer of 100 turns
of #16 B and S, Tophet A, glass-covered resistance wire. The resis-

tance of the wire was measured at approximately 16 ohms.

2.1.2 Test Blocks

Located below the heating head were the two cylindrical test blocks,
each of which was 2.0-inches in dismeter and 1.0-inch thick.

There was a total of 10 sets of specimens; five of TO75-T6 aluminum,
and five of 17-4 PH stainless steel.

Both the contact surface and the reverse surface of each test block
were finished on a standard Thompson stone grinder. The grinding pro-
cess resulted in a surface profile consisting of microscopic striations
superimposed on a wavy macroscopic profile.

The surface roughnesses of the contact surfaces ranged from approximately
3 micro-inches to 135 micro-inches, rms, measured perpendicular to the
surface lay (grain). Roughness measurements were made using a Micro-
metrical Profilometer. The roughness value selected was an average of
several passes made in the same direction with respect to the surface
lay, only spaced over the entire contact surface. Similar measurements
were made in the direction parallel to the surface lay. Roughness
values over the entire surface, in any particular direction, were usually
about the same, if occasional scratches were neglected.
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All possible efforts were made to maintain the surface flatness deviation
from exceeding 200 micro-inches, as measured by a height gauge on a flat
marble table. Test blocks were often ground two or three times in the
attempts to achieve this flatness. As the results indicate, however,
this desired flatness could not alweys be achieved.

The method which was used to measure the surface flatness was to zero
the gauge with the ball indicator at the center of the test surface.
Deviations from surface flatness could be estimated to the nearest
0.00005 inch or 50 micro-inches. With the test block held stationary,
the ball gauge was moved across the surface in two mutually perpendicu-
lar directions, and then around a circuler path near the edge of the
contact surface. The maximum deviation from the zero reading was re-
corded. This procedure was applied to both surfaces of the test block.

In addition to the test specimens being ground flat, the upper and lower
surfaces of both the heating head and the cooling head were ground to
sbout a 200 micro-inch flatness deviation.

To verify that our test specimens were, in fact, TO75-T6 aluminum and
17-4 PH stainless steel, a Douglas Company spectrographic esnalysis and

a hardness test were performed on both materials. The composition for
7075-T6 aluminum was found to have 5.T0 percent zinc and a small percent-
age of other metals; 1ts hardness was 91 on the Rockwell B scale. The
composition of 17-4 PH stainless steel was found to have 16.55 percent
chromium and 4.42 percent nickel; its hardness was 35.1 on the Rockwell
C scale (Reference 2). These data verified that the materials used were
7075-T6 aluminum and 17-4 stainless steel.

Fach test block contained seven chromel constantan thermocouples. Four
of these were located on the cylindrical surface and three were located
on the sxis of each test block. The distances of the thermocouples from
the test surface were approximately 1/2-inch, 1/8-inch, and 1/16-inch.
The side-mounted surface thermocouples were composed of #26 gauge wire
and the center thermocouples, inserted at a later date, were composed
of #36 gauge wire. The side-mounted surface thermocouples were staked




into l/l6-inch deep and 0.037-inch diameter holes; the center thermo-
couples were inserted into 1.0-inch deep, 0.025-inch diameter holes con-
taining wet, silver-impregnated, epoxy cement of high thermal conductivity.
The center thermocouples, which were installed at a later date, agreed in
output to 0.1°F with the side-mounted surface thermocouples for tests con-
ducted in an isothermal environment.

The side-mounted and the center thermocouples were insulated with nylon.
The side-mounted surface thermocouples were wrapped around the circum-
ference of the test specimen for epproximately l-inch before going to
the terminel board. Figure 2-3 shows the specimens and the thermo-
couples attached to thenm.

The accuracy of the side-mounted thermocouples were measured previously
in the Douglas Temperature Standards Laboratory (Reference 3) over a
wide range of temperatures for tests conducted in an isothermal environ-
ment (+300°F to -320°F) to approximately 0.1°F according to NBS tables.

Three clamps spaced 120° apart held the upper test specimen to the heat-
ing head, and three clemps L2U- apusi nepsv wud LSwST tect cpeniman from
sliding on the cooling head. The clamps were made from a low conductivity
material, micarta,and contacted the specimens over small areas near the
heating and cooling head interfaces. The clamps were screwed into the
heating and cooling heads, as shown in Figure 2-2.

2.1.3 Cooling Head

The cooling head consisted of six turns of l/h-inch copper tubing silver
soldered to a 2-inch diameter, L-inch high copper cylinder. Either
1liquid nitrogen or water could be used as a coolant. When liquid nitro-
gen was used, a pressurized reservoir tank was inserted in the liquid
nitrogen line to eliminate gas bubbles from entering the cooling head
coils. Ges bubbles previously had greatly changed the heat transfer
ability of the cooling coils and affected the temperatures in the test
specimens noticeebly during steady state periods.
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2.1.4 Loed Cell

A 5000 pound calibrated load cell was positioned above the heating heed
and below a steel beam used to exert pressures on the test column. De-
tailed information on the loading mechanism will follow in Sections 2.2
and 2.4,

2.2 Support Apparatus

(A diagrem and a photograph of the combined test column and support
apparatus are shown in Figures 2-4 and 2-5, respectively.)*

2.2.1 Steel Beams

The thermal contact conductance test column was positioned between two
steel beams, the upper one of which acted as a lever arm and exerted &
controlled load on the test apparatus column. The load was caused by

a force exerted on a steel plate, attached to the end of the upper bean,
by an 8-inch dismeter electromasgnet which was separated approximetely
0.320-inch from the plate. The electromagnet was water cooled and was
Speratzd continnangly without vibration or fluctuation up to specimen
contact pressures of 1000 psi.

2.2.2 Steel Ball

In order to achieve axial loads on the test colummn, a steel ball was
positioned between the lever arm and the load cell. The steel ball
made contact with the steel beam and sat in the hemispherical cavity

of the bolt head attached to the load cell immediately below it. The
exis of the load cell bolt was aligned with the axis of the test column.

2.2.3 Suspension Wires

To insure that no residual alir molecules were trapped in the interface
between the specimens during the process of evacuation, three suspension
wires supported the upper half of the test column to the lever arm. This
device permitted a small (0.020-inch) gap to be maintained between the
test blocks during the no-load condition.

*The upper specimen was inadvertently reversed for the photographs shown
in Figures 2-2 and 2-5.
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2.2.4 Lid Support

The steel beam lever arm and the whole assoclated support structure in-
cluding electromagnet were attached to the 1id of the vacuum chamber by
means of three vertical struts. In order to change specimens, it was
only necessary to disconnect electrical lines and remove the lid from
the chamber. The photograph in Figure 2-6 shows the vacuum chamber in
the background and the apparatus suspended from the chamber in the fore-
ground. The 1id is resting on its support stand.

2.3 Vacuum Chamber

Tests on the thermsl contact conductance apparatus were performed in the
new five-feet by five-feet cylindrical chamber at the Douglas Space
Systems Center in Huntington Beach, California. Clean and empty, the
chamber is capsble of producing a pressure of 2 x 10~9 torr providing
{ts inner walls are at a temperature of -315°F. Nearly all of the data
presented in this paper were obtained at ambient pressure conditions in
the lO“6 torr range.

Testing at 107 torr or below required cold inner chamber walls which
resulted in thermal contraction of the steel beam support structure.
This contraction altered the critical air gap distances between magnet
and plate, and between the test specimens, thereby preventing a contact
pressure of 1000 psi from being obtained at the interface.

The ambient (atmospheric) pressure in the chamber was measured by a
Cooke ionization gauge below 10"h torr; an alphatron gauge was used
above 10~ torr.

2.4 Instrumentation

(A schematic diagram of the total instrumentation, power sources and
1iquid flow lines is shown in Figure 2-7.)
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2.4.1 Heeting Hesd

Alternating current power was supplied to the heating head by a variac
power supply. Current to the heating head was monitored by a Weston
Model 639 Industrial Analyzer and voltage was monitored by a Model 615
VIVM, Hycon, digital voltmeter. Both current and voltage measurements
could be read to three significant figures.

2.4.2 Electromagnet

Power to the electromasgnet was supplied by a filtered DC power supply,
Electro-Model NFB, the voltage of which could be increased to a maximum
of 50 volts and current to a maximum of T amperes. At maximum current,
the electromagnet was capable of exerting a pull on a steel plate located
0.320-inch above it of 1000 pounds.

2.4.3 Load Cell

The force on the load cell was measured by a DATRAN Resistance Bridge
Indicator (RBI) powered by a DATRAN Electronics Bridge Voltage Power
Supply. The loed cell was previously celibrated for loads up to 4000
pounds. The loed was found to vary linearly with the RBI reading.
During this test program, loads on the load cell seldom exceeded 3100
pounds (1000 psi at the contact interface). The load cell consisted
of a four leg bridge circuit, each leg of which was a resistance wire
strain gauge. A balance penel was connected in the circuit between
the load cell and the Resistance Bridge Indicator to periodically
calibrate the load cell. The RBI unit was continuously monitored by
a technician and was not allowed to vary by more than 2 RBI units
which correspond to less than 3 psi.

2.4.4 Thermocouples

The critical dependence of thermal contact conductance values on the
tempersture difference at the interface, AT, necessitated the utmost
precision in determining the temperatures at the various distances
from the contact interface.
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Seven thermocouples were mounted on each test block. The 1% thermo-
couples of the test blocks were routed through the vacuum chamber port,
through a chromel-constantan connector, to an ice bath. From the ice
bath, copper leads were routed in parallel to a 0-10 MV Minneapolis
Honeywell Brown Recorder and a Lewis switch.

The purpose of the 0-10 MV recorder was to note when steady state con-
ditions had been reached in the test specimens. At that time, the out-
puts of each test specimen thermocouple could be seperately measured by
tapping off the emf output from the Lewis switch and measuring the emf
(microvolt accuracy) by a Leeds and Northrup K-3 Universal Potentiometer.

The K-3 Potentiometer was standardized each day by means of a Weston
Standard Cell and a Leeds and Northrup Galvanometer.

The output of the thermocouple on the cooling heasd was also measured by
the same procedure since the 0-10 MV recorder could measure temperatures
far below -321°F.

Using this temperature measuring system, it is estimated that the tem-
peratures in the test block could be found to + 0.25°F.

The remaining 12 thermocouples, located at various positions on the
apparatus except the test blocks, also chromel-constantan, were routed
directly to a 12 channel chromel-constantan Minneapolis Honeywell re-
corder. The range of temperatures which could be measured on this re-
corder was from -100°F to +450°F. Sensitivity was estimated at + 1°F,
sufficient for the purposes of monitoring the various locations on the
thermal contact conductance apparatus.

2.5 Flatness Deviation

After the tests were completed, the flatness deviation was measured in
detail for two sets of specimens, one set of aluminum TOT5-T6 and one
set of stainless steel 17-4 PH. The roughnesses of both sets were
approximately 17 micro-inches perpendicular to the surface lay. The

contact conductance data obtained from these specimens are compared to
theoretical predictions in Section 11.




To obtain the surface flatness deviation, each of the comtact surfaces
of the four test blocks was divided into 16 smaller areas as shown in
Figure 2-8. The instrument used to measure the flatness deviation was

Merz Electronic Geuge, Model S-48 from which could be read height changes
to the nearest 5 micro-inches.

The specimen was mounted on a flat marble table and the steel ball of
the height geuge was zeroed in the center of the specimen. The heights
of the 16 areas were measured in consecutive order at a location approxi-
mately in the center of each of the areas. The results are shown in
Table 2-1.

The Merz gauge indicated a maximum deviation of ebout 300 micro-inches
for each of the aluminum test surfaces and about 200 micro-inches for
each of the stainless steel test surfaces. These deviations are greater
than those listed in Tables 5-2 and 5-10 for the same test blocks before
testing. The deviations before testing were, however, measured on a
height gauge accurate only to 50 micro-inches.

DATA PROCUREMENT

3.1 Test Program
3.1.1 Original Test Program

The original test program was planned for the mating of five sets of
aluminum specimens and five sets of stainless steel specimens. The
roughnesses of each set were to be approximately 7, 16, 32 and 125
micro-inches (rms). Only specimens of similar roughnesses were to

be mated. Mating was to be done first with contact surface lays per-
pendicular, then parallel. Liquid nitrogen was to be the coolant.
Because tests were conducted on a 2% hour-per-day basis, the original
test program was completed ahead of schedule. This allowed the oppor-
tunity for obtaining thermal contact conductance values under conditions
of different mating combinations and the changing of certain other para-
meters previously held constant.
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FIGURE 2-8

DIRECTION OF PARALLEL SURFACE LAY

MEASURRMENTS OF TEE SURPACE FIATNESS DEVIATIONS OF FOUR
TRST BLOCKS *

TABLE 2-1
All Units in Micro-Xaches

Area Almminm 707576 | Aluminum 7075-76 | Stainless Steel |Stainless Steel 17-4 PH

paer | TR B L e e | i
rigure 5-2) Figure 5-2) Pigure 5-10) Plgure 5-10)

1 20 -30 -0 -15

2 -10 -55 -50 4o

3 40 40 -50 -30

i ~-90 +15 =20 =50

5 -60 +50 +50 +10

6 =10 +100 +h0 5

T +20 +85 +30 +35

8 +0 +30 +10 +20

9 +0 =100 -160 -50

10 -ko -160 -140 -150

n -120 ~150 80 -150

12 -220 +h0 -20 «100

13 180 +180 “§5 -150

14 -ko +160 +T0 +T0

15 +20 +140 «10 +100

16 +90 [+ -90 +30

* PP w TP, appraximtoly 17 micro-inches.

Neasurements taken after testing. Zero reading is at the center of the specimen in
all cases. Plus sign means elevation; ainus sign means depression.




3.1.2 Extended Test Program

Tests not originally planned, but which were also completed, were the
effect on thermal contact conductance of:

1. Inserting a thin layer of Dow Corning 1280 silicone grease
at the contact interface.

2. Inserting a thin layer of Dow Corning 510 silicone oil at
the contact interface.

3. Using water as a coolant with several sets of specimens, the
purpose of which was to note the effect of increasing the
interfacial temperature by seversl hundred degrees, all other
variables remsining nearly constant.

k. Mating a stainless steel block with an aluminum block and
then reversing the specimens to observe a reported dissimilar
metal effect (Referemce 4) thet the contact conductance may
depend on the direction of heat flow.

3.2 Test Procedures

3.2.1 Preparation of Specimens

The test specimen contact surfaces were carefully wiped with a soft
cloth soaked in isopropyl aslcohol. The surface of the upper test speci-
men, which contacted the heating head, and the surface of the lower test
specimen, which contacted the cooling head, had a thin layer of Dow
Corning 1280 silicone grease spread over them. The purpose of the
grease was threefold--to increase the conductance of those interfaces
not under investigation, to make them less pressure dependent, and to
create optimum conditions for a one-dimensional uniform heat flow path.

3.2.2 Procedures for Obtaining Deta

The start of the procedure used in obtaining data was to place the
vacuum chamber 1id, with the thermal contact conductance apparatus
supported beneath it, on the chamber by means of the overhead movable
crane. A period of usually four hours was required to evacuate the
chamber to an ambient pressure of 3 to 6 x 10-6 torr. Upon reaching
this ambient pressure, current was applied to the magnet which re-
sulted in a predetermined contact pressure being exerted on the test
specimens; heat was applied to the heating head; and liquid nitrogen
was permitted to flow through the cooling head. After a period of
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not less than two and usually more than three hours, stable specimen
temperatures were reached. The temperature of each thermocouple of
the test specimen was recorded, one by one, by means of the Leeds
and Northrup potentiometer. Observations of current and voltage to
the heater head were made. Readings of contact pressure were made
in RBI units which could be converted later to psi. The load on the
specimens was then reduced to zero and the zero reading on the RBI
unit was recorded. This zeroing of the load created a gap between
the two specimens once again. The foregoing procedure was repeated
for a new contact pressure until sufficient data were obtained to
enable a plot of contact conductance versus pressure to be obtained
over a wide range of contact pressures.

The test schedule was made out according to a predetermined number of
contact pressure points to be reached, such that they would be spaced

evenly apart to produce a graph of h versus p, from 100 or less to
1000 psi.

3.2.3 Stability Criterion

The criterion for determining at which time stability of test specimen
thermocouple temperatures were attained was that all of the temperatures
on the 0-10 MV recorder should remain constant for a period of not less
than thirty minutes. For the eluminum specimens, a period of from two
to three hours was usually required to achieve stability; for stainless
steel specimens, a period of at least three hours was required. Below
contact pressures of 100 psi, the times required for reaching stability
were frequently as long as six hours.

3.2.4 Procedure for Entrapping Air in the Interface

One of the minor objectives of this test program was to determine the
effect of entrapping air molecules at 1 atmosphere pressure at the inter-
face between the specimens. In Section 5 several data points are dis-
cussed where the specimen gap was closed at 1 atmosphere, the chamber
evacuated to 10'6 torr, and then data taken. The gap between the speci-




mens was then opened for two minutes and closed again. No other para-
meters were changed; the original heat flux was maintained and the
original contact pressure reached again. Stability was once more
achieved and data for conditions of 10~ torr ambient pressure st

the interface was taken.

3.3 Difficulties Encountered in Controlling the Test Parameters

3.3.1 Magnet Setting

The gap between the magnet and the plate was set such that a contact
pressure of 1000 psi would be attained at the contact interface after
the apparatus wes placed in the chamber. During the liquid nitrogen
cooling process, the whole test column thermally contracted such that
the magnet tended to contact the plate or "bottom out" preventing high
contact pressures from being reached during testing. This problem was
partially solved by setting the megnet-to-plate air gap slightly larger
than that required for 1eaching 1000 psi outside the chamber. Even with
this magnet gap setting, it was found that for some sets of specimens

the magnet bottomed out before 900 psi could be reached. By increasing
the electrical input to the heating head, it was found that the tempera-
tures of the whole test column could be increased sufficiently to expand
the test colum and prevent bottoming out. This method had the drawback,
however, of changing the mean interfacial temperasture. Since available
evidence in the literature (Reference 4) indicated that h depended weakly
on mean temperature, a degree of latitude was permitted in using the heat

flux as a controlling mechanism to increase contact pressure. Phis is
the reeson for the frequent variation in T nean (arithmetic mean inter-
face temperature) values in the results.

3.3.2 The Dependence of the Load Cell Output on Load Cell Temperature

After each set of data points consisting of 14 thermocouple readings
were taken, the load was decreased to zero and the RBI reading for the
no load condition was recorded. This procedure was followed because
the wire resistances in the load cell were found to depend strongly

on temperature. The true load was determined » therefore, by subtract-
ing the RBI load reading from the RBI zero reading at the same tempera-
Tture. Since the RBI readings were linear with load, this method of
evaluating load could be used.
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The temperature dependencg of the load cell, which required a zeroing
of the load after each data set was obtained, precluded efforts to ob-
tain h as a function of p, in monotonic, discrete increasing and/or

decreasing steps and thus eliminated the possibility of obtaining a
hysteresis curve.

DATA ANALYSIS

k.1 Data Reduction

The outputs of the 14 test specimen thermocouples referenced to an ice-
weter mixture were recorded for each contact pressure. The outputs in
millivolts were converted to degrees Fahrenheit to the nearest tenth
of a degree using interpolated values of the best line drawn through
the graph of temperature versus emf according to the NBS tables.

The distance of each side-mounted thermocouple from the contact inter-
face and the distance of the center-mounted thermocouple holes from
the contact interface were measured to three significant figures.

4.1.1 Least Squares Program

The best straight line was mathematically plotted through the seven
temperature-versus-interface-distance data points by means of a
Douglas "Fsbles" least squares program employing a G-15 computer.

The extrapolated temperature at the contact interface of the teet block,
the slope of the temperature versus distance line, and the averege devia-
tion of the points from the best straight line were the progrem's output.
The difference between the interfacial temperatures of two mated test
blocks, defined as AT, was calculated as well as the arithmetic avarage
of the interfacial temperatures, Tmean'

4.1.2 Heat Input

The heat input to the test specimens was obtained from the electrical
power to the heating head, assuming a negligible loss (or gain) of heat
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of the heating heed and test specimens with the environment. This assump-
tion is justified in Sections 4.2.L4 and %.2.5. The electricsl power to
the heating head was determined by the simple product of the current

and the voltage to the heating level. The inductive reactance was cal-
culated less than 1 percent of the heating wire resistance resulting in

a phase angle of zero degrees. The resultant power in watts was con-
verted to thermal units of BIU/hr and divided by the apparent contact

area normal to the direction of heat flow, 3.1% (in)2 in all cases, to
yield the heat flux Q which was expressed in units of BTU/hr-£t2.

4.1.3 Calculations of h

The values of the thermal contact conductance were obtained from its
definition,

L {4-1)

where h was expressed in units of BIU/hr-ft2-OF.

The contact pressure was determined from the Resistance Bridge Indicator
measurements immediately following each set of test block temperature

measurements.

4.2 Error Analysis

4.2.1 Thermocouple Uncertainties

The errors in the extrapolated values of the temperatures at the inter-
face are difficult to estimate. The accuracy of each individual thermo-
couple in the test blocks is estimated to be + 0.25°F, but this accuracy
was far better than the average deviation of the temperatures from the
best least squares straight line.

4.2.2 Interface Temperature Uncertainties

A deviation of less than 2.0°F of the seven points from the straight
line was considered good and occurred often with flat samples of
aluminum. An average deviation on the order of 2°F may be judged high.
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Considering, however, the differences in temperature between the side-
mounted and center thermocouples located at the same distance from the
interface in the same test block (vhich for wavy stainless steel speci-
mens for p, less than 200 psi were on the order of 3-10°F), the average
deviation was judged to be satisfactory. One explanation for the dis-
parity between center and surface thermocouples may be ettributed to
heat channeling into those macroscopic metal-metal contact areas due

to the waviness of the surfaces. These contact areas sometimes occurred

on the edge, sometimes in the center of the contact interface.

It is also possible that our loading mechenism exerted a non-uniform
vertical force on the test column causing one sector of the edge of the
contact interface to experience a greater pressure than another sector.
To decrease the possibility of non-uniform loading, the test column and
loeding procedure were tested outside the chamber each day, with the
specimens to be tested in their proper positions.

Test column loading up to TOO psi outside the chamber was checked from
several angles of view by technicians prior to insertion in the chamber.
The technicians further checked that the gap was uniform over the entire
contact surface by means of ball gauges accurate to 0.00l-inch. Never-
theless, unequal thermal contractions of the specimens and non-conforming,
wavy contact surfaces may have caused the disparity in temperatures be-
tween the side-mounted and center thermocouples located at the same dis-
tance from the interface.

The work of Clausing (Reference 5) on the dominant effect of waviness
over roughness on the thermal conductance was very apparent at low con-
tact pressures, less than 200 psi. At these contact pressure, the
greatest differences between side-mounted and center thermocouple tem-
peratures occurred and the largest time was required to reach stability
of temperatures.
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4.2.3 Uncertainties in h

An estimate of maximum uncertainty in average interfacial temperature
differences above a contact pressure of 300 psi would be 2°F for
aluminum and 3°F for stainless steel, based on deviation of the data
points from the best least squares straight line.

An estimate of the uncertainty in heat input to the heating head would
be of the order of 2 percent at most. These errors resulted from read-
ing the third significant figure on the AC ammeter and voltmeter.

Following standard error analysis procedures,
HEGEE S -2)

The estimated uncertainty in h for p, greater than 300 psi is approxi-
mately 15 percent for both aluminum and stainless steel. The value of
AT increased and the uncertainty in AT increased as p, decreased. For
h less than 300 psi, the uncertainty is estimated to be 20 percent for
both aluminum and stainless steel.

+

99
Q

k.2.4 Environmental Heat Gains

The estimated gain of heat from the warm TOCF walls of the chamber
through three layers of aluminum-wrapped super-insulation and thence
to the heating head at a temperature of -300°F was calculated to be
approximately 1 percent. This calculation was based on a value of k
for the three layers of super-insulation of an order of megnitude
greater than that usually used in engineering calculation (2 x 1072
BrU/£t-hr-F) and tempersture of -300°F for the whole test column
(actuelly the test columm varied from -100°F to -315°F). The effect
of the polished stainless steel radiation shield around this column
was also neglected in the calculation.
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4.2.5 Environmental Heat Losses

At high temperatures, the heat loss from the specimens and the heating
head to the environment at TO®F was calculated to be less than 0.1 per-
cent. The value of k for the three layers of super-insulation used was
2 x 10k BIU/ft-hr-°F and the temperature of the test column was chosen
88 +250°F, the meximum temperature of the heating head with stalnless
steel specimens. The effect of the stainless steel heat shield, mounted
on insulated teflon supports, was again neglected.

4.2.6 Support Cable Heat Losses

Heat losses from the test specimens through the support cables and then
to the relatively warm upper beam of the test apparatus were estimated
to be negligible because the clamps which held the specimens were com-
posed of low conductivity micarta and contacted the specimens over a
very small area. Further, the support csble was composed of a section
of teflon, further preventing heat transfer from clemp to beam.

RESULTS

The results will be discussed in the order of the presentation of the
graphs. Below each figure, the corresponding experimental date are
1isted in the same sequence in which the data were obtained.

5.1 Aluminum T075-T6

5.1.1 Specimens of 3-5 Micro-Inch Roughness

Figure 5-1 shows the results of two separate tests on the same specimen,
only taken one month apart. The tests were repeated because the values
of h obtained on 2-4-64 were considerably less than those obtained for
the next roughest surface (Figure 5-2), contrary to theory (Referencc 6).
Surprisingly, the results of the second data set of 3-6-64 almost dupli-
cated the first. It should be noted that no special orientation of mat-
ing surface lays could be defined because lapping the contact interieces
in a "figure 8" pattern to achieve a 3 micro-inch finish erased the
directional grinding lay.
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The flatness deviations for these specimens were 100 and 200 micro-
inches, less than that of the next roughest surface. There 1s no ex-
planation for the relatively low velues of h for these specimens other
than flatness deviations resulting in large areas of no metal-metal
contact which were present but not observed by the method used for

measuring surface flastness.

Data in Figure S5-1 show that the meximum estimate of uncertainty in con-
ductance values of 15 percent to 20 percent was probably on the high
side. Data taken a month apart on the seme set of specimens differed
by less than 10 percent over a wide range of contact pressures.

5.1.2 Specimens of 17-15 Micro-Inch Roughness

Figure 5-2 illustrates several interesting features of the thermal con-
tact conductance problem. There was a marked difference in h depending

on whether these specimens were masted with thelr surface lsys perpen-

dicular or parallel. Perpendicular mating resulted in higher values
of h in this case, but as later graphs show, this was not always the
case.

The velues of h for parallel leys were close to those in Figure 5-1 for
lapped surfaces of a roughness of about I micro-inches, while those for
perpendicular lays were almost twice as great at high contact pressures.
Unusually good conformity at the interface may have occurred for the per-
pendiculer case. Rotating the specimens by 90 degrees may have changed
the surface conformity of the specimen's flatness deviations. This may
have resulted in a far greater influence on h than the change of orien-
tation of surface lays alone.

One data point on the perpendicular curve was obtained by closing the
gap between the specimens at an ambient pressure of 10’3 torr. The re-
sults are almost identical for the case of 10'6 torr ambient pressure,
the atmospheric pressure at which these data were usually obtained.
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5.1.3 Specimens of 17-15 Micro-Inch Roughness--01l, Grease and Metsl-
Metal Compared

In Figure 5-3, the influence on contact conductance is shown for:
1. A change of interfacisl temperature using water as a
coolant instead of liquid nitrogen.

5. The use of Dow Corning 1280 silicone greese at the inter-
face.

3. The use of Dow Corning 510 silicone oil at the interface.

Note that the vertical scale is logarithmic while the horizontal scale
remains linear. The specimens used in Figure 5-2 were used in Figure

>-3.

There was approximately a 3.5 fold increase of h with P, as Tmean in-
creased from -2UO°F to +80°F at 1000 psi. This result should be of
special interest to designers of joints which will be at cryogenic
temperstures. A plausible explanation of thls phenomenon may be based
on the changes in the thermal conductivity and the hardness properties
of the mating materials as s function of temperature. (For thermal con-
ductivity chenges see Reference T.)

A second interesting result from Figure 3 is that at cryogenic tempera-
tures, the effect of an interstitial grease is to greatly increase h,
especially at low pe. Using grease at the interface, it appears that
over the contact pressure range from 40 psi to 70O psi, h is relatively
independent of pe. Velues of h for parallel mating using grease at the
interface can be compared to parallel mating for metal-metel contacts.
Using grease resulted in increasing h by a factor of 3 or more for p,
less than 70O psi.

The results obtained using a thin layer of silicone oll at the interface
are also shown in Figure 5-3. Generally, the values of h using oil in-
creased to three times the values of h using grease as an interstitial
material. Tt should be noted that the same sets of specimens were used,
after being thoroughly cleaned with 1sopropyl alcohol, and were mated
perallel as in the case of grease. Again it would appear that h is
relatively independent of p, over the range of p, observed from 60 psi
to TOU psi.
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In summing up Figure 5-3, velues of h at low temperatures (-250°F) can

be increased to equal those at high temperatures (+80°F) providing a

thin layer of interstitiael grease is used. Even higher values of h can
be obtained using liquid silicone oils, but no guarantee exists that

the oil will not seep out of the joint. In the cases of both the sili-
cone oil and the silicone grease studied, there appears to be no depend-
ency of h upon p, in the pressure ranges from approximately 50 to TOO psi.

5.1.4 Specimens of 45-45 Micro-Inch Roughness

Figure 5-4 shows date for aluminum specimens of roughnesses of 45 micro-
jnches and flatness deviations of 150-500 micro-inches. The perpendicu-
lar surface lays resulted in higher conductance than the parallel except
below 200 psi. The difference in values of h were never more than 100
BrU/hr-£t2-OF along the whole length of the curves. The percentage
difference is from 20 percent to 10 percent as the contact pressure
increases. 1In view of the inherent uncerteinty in the data, this
difference is judged not to be significant.

The values of h for parallel lays decreased from those of Figure 5-2
(16 micro-inch roughness). The flatness deviations for Flgure 5-l4 were
approximately the same as Figure 5-2. The decrease in h compared to
Figure 5-2 was, therefore, in the predicted direction according to

Fenech (Reference 6), i.e., due to an increase in roughness.

5.1.5 Specimens of 60-60 Micro-Inch Roughness

Figure 5-5 shows data which appear to contradict predictions based on
theory and previous observeble trends in the literature (References 5
end 6) and in Figures 5-2 and 5-L.

Even though roughness end flatness deviation measurements were greater
for the test surfaces in Figure 5-5, values of h were higher than in
Figure 5-4. Fried (Reference 8) has also observed this effect for

magnesium specimens and attributed it to a possible "mismatch" of
flatness deviations at the interface.
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FIGURE 5-5




For these test specimens, values of h resulting from perallel mating-are
higher in the contact pressure range from 150 to 800 psi, above which
the perpendicular mating values of h are greater. Below 150 psi no
significent difference could be observed. The parallel and perpendicu-
lar curves would lay much closer together if the first data point in
the perpendicular set in Figure 5-5 could be neglected. Unfortunately
no valid reason exists for doing this.

5.1.6 Specimens of 125-135 Micro-Inch Roughness

The results of mated surfaces having the greatest roughnesses (125-135
micro-inches) are shown in Figure 5-6. Again, as in Figure 5-5, parallel
lays resulted in higher conductance values but the difference, never
mich beyond 100 BIU/hr-£t2-OF, disappears at TOO psi.

It is of interest to note that for both parallel and perpendicular lays,
h was significantly higher, 15 percent and 40 percent, respectively, for
the cases in which air at 1 atmosphere was trapped in the gap compared
to the cases in which the gap was exposed to ambient pressures of .'I.O"6
torr before being closed.

Finally, according to previous theoretical and experimental investiga-
tions, the contact conductance values of these specimens were consider-
ably lower in magnitude, reaching only 400 BTU/hr-£t°-°F at 800 psi,
than any of the previous specimens. This would be predicted on the
basis of the large roughnesses and flatness deviations.

5.1.7 Specimens of 125-135 Micro-Inch Roughness--Effect of T mean Change

Figure 5-7 shows the effect of changing the mean interfacial temperature,
Tpean’ OF the previous set of specimens of Figure 5-6. Three data points
were obtained for the case of a small amount of water used as coolant.
From the temperature of the cooling head during these tests, the water
was vaporized in ebsorbing the heat; therefore, the coolant 1s referred
to as steam. One data point was obtained, however, using a large flow

of water as a coolant.
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FIGURE 5-7
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It is of interest to observe the effect (which increases with increasing
P.) of P oean O8 B 28 Tooon {ncreases from -230°F to +80°F and then to
+300°F for a constant value of p,. The value of h increases by a factor
of approximstely six over a wide pressure range.

5.1.8 Summary of Aluminum TOT7S5-T6

Generally, the values of h decrease as surface roughness increases, al-
though exceptions were noted in Figures 5-1 and 5-5.

Values of h at low temperatures (-250°F) for 16 micro-inch roughness
specimens were found to equal values of h at high temperatures (+80 °F)
providing a thin layer of interstitial vacuum grease was applied to the
contact interface. Even higher values of h, by a factor of 3 times those
using grease, were obtained using liquid silicone oil at the contact
interface. 1In the cases of both grease and oil, there appears to be

no dependency of h upon Pe in the pressure range from 50 to TOO psi.

In the cases in which alr at 1 atmosphere pressure was trapped at the
interface and then compared to the values of h obtained with the inter-
face exposed to a 10'6 torr atmosphere, the values of h were noticeably
greater, i.e., up to 4O percent.

The effect of increasing the mean interfacial temperature from -230°
to +300°F for the 130 micro-inch specimens was to increase the values
of h by a factor of spproximately 6.

No definite conclusions could be reached concerning the effect of mating
the contact surfaces with their lsys perpendiculer or parallel. Differ-
ences in h due to rotating the specimens from parallel to perpendicular
orientations may have been caused by changes in the conformity of the
large scale, surface flastness deviations (waviness).

The solution to the design of a passive thermal contact conductance
control system of metal-metal contact, subject to a temperature cycle
ranging from +300°F to -300°F, might be found in the large increase
of h with Tmean as shown in Figures 5-3 and 5-T.




5.2 Stainless Steel 17-4 PH

5.2.1 Specimens of 6-8 Micro-Inch Roughness

Figure 5-8 shows the results of the smoothest stainless steel data for
one data run. The vertical axis, h, is logarithmic while the horizon-
tal is linear. An observed spread of data points was also noted by
Barzelay (Reference 4) for 30-30 micro-inch specimens, his smoothest
set of stainless steel specimens.

The magnitude of h indicetes that the conformity of the mating surfaces
must have been very good. The magnitude of h was much higher than thst
of aluminum specimens of similar roughness (Figures 5-1 and 5-2). The
extremely low values of AT in Figure 5-8 together with the knowledge

of the uncertainty in AT would tend to discredit the accuracy of these
high values of h. A second test with these same specimens {results

not shown) was therefore later made, and the plot of h versus p, were
spread over an even greater range than the first set, with values of h
higher.

5.2.2 Specimens of 6-8 Micro-Inches Roughness--Grease and Metal-Metal
Compared
In Figure 5-9, the results of both sets of data discussed in Section

5.2.1 are compared to h values having a Dow Corning 1280 grease at the
interface. Note that both the vertical and horizontal axes remsin

linear, but the vertical axis is measured in units of 10,000 BrU/hr-f“be-o .

It is interesting to note that for metal-metal and for grease in the 500

psl contact pressure range a large spread occurred. Whether this occurr-

ence reflected a real change in conductance due to a change in the con-
formity of the surfaces or to elastic-plastic property changes of the
mating materials is as yet undecided.

Most of the data for grease were taken at higher interfacial tempera-
tures (+40°F) than metal-metal data (-120°F). The increase of h for
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Order of Contact Contact or Trmean Orientation of

Data Pressure Conductance (°F) (°r) Specimens
Points pe (pe1)  h(BTU/br-rt2-°F)

1 306 10,100 1.0 +35 None

2 493 21,900 0.5 +l2

3 630 43,000 0.2 +ub

4 % 3,710 1.6 -1

5 678 15,200 0.4 -73

6 802 11,400 0.7 -4

FIGURE 5-9
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metel-metal contacts could be partly attributed to the increase in Tmean.
The last two data points for the grease curve show a decrease in h. Note
that the values of Tmean for these two points were less than for the
first four points.

As mentioned in Figure 5-9, some grease spilled over the interface and
may have contacted the surface thermocouples, further detracting from
the validity of the data in Figure 5-9.

5.2.3 Specimens of 17-1T7 Micro-Inches

Figure 5-10 shows the results of the next roughest set of specimens, 17
micro-inches, and compares the results of perpendicular and parallel
mated surfaces at low temperatures with perpendicular mating at high

temperatures (+l35°F average T ). Perpendicular mating resulted in

mean
higher values of h than parallel mating.

Note that there was a considerable decrease in h compared to the smooth-
est specimens in Figure 5-8. The nominal flatness of these specimens
was 100-200 micro-inches, respectively, less than that of the smooth,
lapped surfaces of Figure 5-8. Roughness, therefore, appears to play
an increasingly important role for stainless steel specimens.

Tt is interesting to obs. ..e that the curve for parallel lays, using LN2
coolant, was very nearly a straight line. The one data point in which 1
atmosphere pressure air was entrapped at the interface was 20 percent
higher than the data point in which the gap was opened to an ambient
pressure of 10-6 torr, with the same contact pressure and heat flux used.

The deta for perpendicular lays, using LNo as coolant was spread over
such a wide range as to preclude any one line connecting the date points.
A region, therefore, is indiceted. The first two data points again ex-
hibit the marked decrease in conductance between 1 stmosphere air trapped
in the interface and the case in which the surfaces were exposed to an
ambient pressure of 10‘6 torr for seversl minutes.
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The last two data points for the perpendicular set, Figure 5-10, show a
definite increase in conductance over the first two, even though they
were exposed to ambient pressures of 10‘6 torr and the contact pressures
were the same, 500 psi. A possible explanation is that with repeated
loading and unloading of the specimens, certain flatness deviations
might have been altered such that better surface conformity could have
resulted, a case not unlike hysteresis.

It is interesting to note the increase of h with Tmean for the water-
cooled curve above that of the perpendicular mated LNp-cooled region.
The increase was of the order of 600 BIU/hr-ft2-°F at 500 psi, or a
factor of 2 greater at higher T _ . The change inT . was about
240°F. Compare this increase for stainless steel specimens with
aluminum specimens of Figure 5-3. In that case the increase in h
was by a factor of 3.5, the only change being an increase of Tme

an
by 320°F.

5.2.4 Specimens of 35-35 Micro-Inches Roughness

The values of h for surface roughnesses of 35 micro-inches are shown in
Figure 5-11. Perpendicular mating again results in higher values of h
than parallel mating. The shape of the curve, especielly the inflec-
tion point neer 800 psi, is of interest and may be related to elastic
and plastic properties of metals under loeds. That a peak occurred at
700 psi for two separate sets of data, with mutually perpendicular

orientations, suggests a real phenomenon and not merely uncertainties
in the data processing. '

Once more the effect of entrapping air at 1 atmosphere in the inter-
face was observed. The contact conductance, for the parallel curve
at 500 psi contact pressure, decreased by 50 percent when the gap

was exposed to 10'6 torr embient pressure and the data point repeated.

Generally the values of h in Figure 5-11 were lower than in Figure 5-10
for all values of contact pressure.
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5.2.5 Specimens of 63-85 Micro-Inches Roughness

In Figure 5-12, the results of mating specimens of 65-85 micro-inch
roughnesses are reported. The flatness deviations were also greater
than previous specimens (see Figures 5-11 and 5-12). It should be
noted that these roughness and flatness values were obtained from
Micrometrical Profilecorder profiles of the surface roughness and
waviness greatly magnified (10,000 X) in the vertical direction and
not measured as the other specimens were using a Profilometer and a

height gauge.

The data points for both perpendicular and parallel mated surfaces
fall along smooth curves, with the perpendicular mated lays once
again yielding the greater values of h than the parallel mated lays.
The order of magnitudé of the values of h are generally lower than
those of Figure 5-11.

5.2.6 Specimens of 125-100 Micro-Inches Roughness

Figure 5-13 shows the results of mating the roughest set of stainless
steel specimens. For the fourth consecutive time, perpendicular mated
lays yielded higher values of h than parallel mated lays, except at
pressures below 150 psi. At pressures above 800 psi, there was a
tendency for the two curves to converge, a phenomenon observed also

in Figures 5-5, 5-6 and 5-11. The magnitude of h continued to de-
crease compared to the less rough specimens, even though the flat-
ness was better for these specimens than those in Figure 5-12.

5.2.7 Summary of Stainless Steel 17-4 PH

Except for the very smooth, lapped surface specimens of Figure 5-8,
the values of h increase as a function of p, in a smooth fashion (the
hump in Figure 5-11 being an exception). Perpendicular mated surfaces
resulted always in a higher value of h than parallel mated surfaces,

a phenomenon to be discussed in Section 9.6.

As the roughness of the mated surfaces increased, regardless of the
flatness of the surfaces, the values of h decreased.




THE DEPENDENCE OF

CONTACT

CONDUCTANCE ON

CONTACT
PRESSURE

STAINLESS STEEL
ROUGHNESS =
63 MICRO-INCHES

600
c
o
E 500}—
e
x
~
2
@ 400
- PERPENDICULAR
5] SURFACE LAYS o
Z >¢(:)""
<
g S 2
: | T
8 / -4
5 200 ';'
= g PARALLEL
z ’ SURFACE
8 P LAYS
9
s
o
W
x
A |

200 400 500 800 1000

CONTACT PRESSURE (PSI)

ROUGHNESS - RMS FIATRESS CHAMBER
MATERTAL SPECTMEN (Micro-Inches) DEVIATION (Ambient)
PERPERDICULAR | PARALiEy | (MicTo-Inches) |  PRESSURE
Stainless Upper 63 25 300 6
Steel 4 x 10" tarx
17-4 PR Lover 8s 85 500

NOTES: Idquid nitrogen used as coolant.
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Roughness and vaviness estimstes from

Order of Contact Contact T Orientation of
Data Pressure Conductance s iy mean Specimens
Points p. (pet) h(BTU/hr-£+2-OF) (°F) (°F)

1 242 129 113.8 <60 Perpendicular

2 251 137 103.3 =40

3 bt 269 53.1  -T5
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5 Th2 337 LY £ S §

6 820 342 k2,9 .56

T 221 101 158.4  +10 Parallel

8 369 164 95.7 =15

9 376 152 69.6 -105

10 664 238 k3.¢  -130

1n 856 284 36.5  -135

FIGURE 5-12
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FIGURE 5-13




For very smooth, flat surfaces, the data spread was quite large, but it
decreased with the contact pressure. Interstitial Dow Corning 1280
vacuum grease increased the value of h of the smoothest specimens by a

variable factor, depending on the contact pressure and interfacial
temperature.

With water used as a coolant, an increase in T mean resulted. The in-
crease in T mean caused an incresse in h along the complete range of
contact pressures (Figure 5-10). The value of h was greater by more
than a factor of 2 at +140%F than at -100°F at 500 psi.

The effect of entrapping air molecules at 1 atmosphere pressure pro-
duced an increase of h over that of exposure of the interface to 10"6
torr pressure by variable percentages up to 50 percent.

5.3 Mating of Dissimilar Metals

5.3.1 Stainless Steel (Top) to Aluminum (Bottom)

Figure 5-1% shows the results of mating a stalnless steel test block
of roughness 17 micro-inches, flatness deviation 100 micro-inches »

with a test block of aluminum of roughness 15 micro-inches, flatness
deviation of 200 micro-inches.

The values of h are considerably less than those for mating stainless
steel to stainless steel (Figure 5-10) or aluminum to aluminum (Figure
5-2). The expected result would have been that these values of h
would lay between those resulting from the mating of the softer and
harder materials.

The shaded region in Figure 5-1% appears to remain below 500 BI'U/hr-f£t2-°F.

The mean interfacial temperatures of the data in Figure 5-14 was sbout
-200°F, not too different from the -240°F average temperature for the
data in Figure 5-2 for aluminum specimens. The values of T mean VoTe
higher (-100°F) for stainless steel specimens (Figure 5-10) which could
have accounted for part of the increase of h in Figure 5-10 over that

of h in Figure 5-14. Since there exists data showing a noticesble effect
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on h as Tm;an changes by 150°F, the explanation for the low values of
h in Figure 5-1U4 could lie in the mean temperature change of the speci-
mens.

A plausible explanation for the low values of h in Figure 5-1k might
also be that poor surface conformity was obtained for these specimens,
which were tested in the last days of the experimental progrem. While
all surface cleaning measures were scrupulously observed, it must be
remembered that these specimens had been previously tested at -24OCF,
compressed to 1000 psi many times, heated to +2SO°F, greased and oiled
and recleaned many times.

Examination at 500 psi of the temperature differences between side-
mounted and center thermocouples on the stainless steel specimen show
differences of TO°F for the thermocouples at the same level nearcst
the interface, an extremely high temperature difference. The corres-
ponding thermocouples for the bottom sluminum specimen show a differ-
ence of 50°F. The side-to-center temperature differences diminish to
the order of 8%F for stainless steel and 2°F for aluminum as the dis-
tance from the interface increases to 1/2-inch.

Poorest interface contact was obtained at the center of the specimens

at which the largest value of AT was found. Surface thermocouple values
of AT were much less, indicating that heat was conducted mainly along
the outer edges of the specimens.

In the data analysis, all seven of the thermocouples of each test
specimen were used to compute the extrapolated value of interfacial
temperatures of each test block. The differences 'betweeh center and
side thermocouples should emphasize the need to place thermocouples
on the sides as well as in the center of the specimens » especially
for cases of mating dissimilar metals.

Another possible explanation for the low values of h in Figure 5-1k,
and also the poor mating at the interface, may lie in the different
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thermal expension coefficlents of the different metals which were at
widely differing temperatures. According to Clausing (Reference 5),
macroscopic the:nal contacts may move relative to each other due to
thermal strains causing unpredictable changes in the contours of the
mating surfaces, and therefore in the conductance.

5.3.2 Aluminum (Top) to Stainless Steel (Bottom)

Figure 5-15 shows the effect of reversing the specimens in Figure 5-1k.
At low contact pressures, the spread of the data points was even wider
than in Figure 5-1%. The range of h is slightly higher as & function
of Pos but not enough data were obtained to definitely conclude that h
is higher for heat flowing in one direction or the other.

It should be noted that the T of Figure 5-15 varied from -51°F to
+590F while that of Figure 5-14 was about -200°F. On this basis, it
would seem that values of h in Figure 5-15 should be somewhat higher
than those of Figure 5-14, providing mating orientation was the same.
That h is higher in Figure 5-15 at low pressures would tend to affirm
that line of reasoning. Beyond a contact pressure of 400 psi, there
is, however, small difference in the shaded regions of h. If compen-
gation is made for the differences in T . .., data in Figure 5-1l would
agree with data in Figure 5-15 at low contact pressures. But disagree-
ment would be obtained at high contact pressures; that is Figure 5-1k
data would be 2 to 3 times greater.

Lence, if a tentative hypothesis must be drawn on the basis of this
widely spread data, it would be that, i1f interfacial temperatures were
equal in both cases (Figure 5-14 and 5-15), values of h would be greater
for the case of heat flowing from stainless steel to eluminum than from
aluminum to stainless steel.

The temperature differences between side-mounted and center thermocouples
at the same level were less than in Figure 5-15 than Flgure 5-14. For
the aluminum (top) the difference was T°F and in the stainless steel
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(bottom) it was 320F. At a half inch from the interface, the differ-
ences were 2°F for aluminum and 20°F for stainless steel. Finelly,
heat channeled mainly down the specimens axis.

5.3.3 Sumary for Dissimilar Metals

The data in Figures 5-14 and 5-15 for dissimilar metals are insufficient
to indicate any definite conclusions concerning a change in h with direc-
tion of heat flow. An order of magnitude of the values of h were ob-
tained, however, but it must be remembered that these specimens were
subject to previous tests which may have altered their surface irregu-
larities and physical properties. An unexpected low velue of h was
obtained for the both cases of dissimilar metals compared to both simi-
lar metals of earlier tests.

5.4 Effect of Surface Roughnesses on Contact Conductance

5.4.1 Thermal Contact Conductance Versus Surface Roughness

In Figure 5-16, values of h are plotted as a function of the average
rms surface roughness of the mating test blocks. The data, obtained
from previous graphs, are shown for the case of one contact pressure
only, 500 psi. The effect of hardness of the mating materials is
apparent in the comparison between the stainless steel (hard material)
and the aluminum (softer material) groups. The ambient pressure was
in the low range of 10'6 torr. The orientation of the lays of the
mating surfaces was perpendicular in all cases.

It is interesting to observe the higher values of h for aluminim com-
pared to stainless steel, even though T of aluminum was -235°F and

mean
Tnean of stainless steel was -100°F.

If the mating materials were at the same mean interfacial temperature,
either -235°F or -100°F, the difference between the two curves would be
expected to change based on evidence collected thus far regarding the

dependence of h on Tmean'
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The slope of the conductance versus roughness curve increases negatively
as the roughness decreases. The main reason for this was that the flat-
ness deviation of the test surfaces usually decrease as the specimen was
subjected to a smoother grinding operation. This means that the smoother
the surface, the flatter the surface; the rougher the surface, the
wavier thé surface. Thus, a decrease in roughness would result in an
increase in the area of the macroscopic contact surface. Furthermore,

a smoother surface would result in more microscopic metsl-metal contact

points at those macroscopic areas already in contact.

The curve for aluminum shows a spread in data points previously dis-
cussed in Section 5. This spread is far greater than in the case of
stainless steel. Nevertheless, the trend, despite the spread for alumi-
num, is quite clear. There is not much increase in h as roughness
values, 5, decrease from 130 to 65 micro-inches. There is a greater
increase in h as 5 decreases from 65 to 30 micro-inches, and finally

a sizable increase in h as d decreases to 16 micro-inches.

No data for the cases of the 4 micro-inch roughness aluminum and 6-8
micro-inch roughness stainless steel were included in Figure 5-16.
These data were obtained from lapped surfaces in contact, surfaces
exhibiting no definlite surface lay, while all the other data were
for perpendicular surface lays.

Two other reasons exist for excluding the lapped surface data. First,
the aluminum values of h for 4 micro-inch roughness were inexplicably
low compared to the 16 micro-inch roughness values (see Figure 5-1).
Secondly, the stainless steel values of h for 6-8 micro-inch surface
roughness were extraordinarily high and widely scattered (see Figure

5-8).

COMPARISON OF REPORTED HIGH TEMPERATURE DATA

The high temperature data reported in the literature are compsred in
this section to high temperature data of this report. Section 6 shows




all of the data reported thus far in the literature at high temperatures
for aluminum-aluminum, and stainless steel-stainless steel specimens
mated in a vacuum environment in which all of the important parameters
were tazbulated. Furthermore, the data taeken in air by Henry of MIT
(Reference 10) at very high contact pressures is also listed. Finally,
Table 6-1 at the end of the section converts all of the hardnesses of
all the test materials to units of psi, for purposes of comparison.

6.1 Aluminum (I)

Figure 6-1 shows the results of mated aluminum test specimens in a
vacuum environment. The data of Fried and Clausing lie reasonsable
close to the present data of the 125-135 micro-inch roughness speci-
mens. The data of the 17-15 micro-inch roughness specimens lie above
that of the majority of the points in the 100 to 1000 psi range, but
the slope is about the same. At pressures below 100 psi, there was
considerable scatter in the data. Neglecting Fired's 2024-T3 aluminum
data, his earliest flat plate results (Reference 11), an average
straight line could be drawn through the majority of the data in
Figure 6-1. This line, called the "Best Line Through Most of the
Aluminum (I) Data Points," is shown in Figure 6-3 as having a slope,
m, of 0.88.

The line drawn through the present 17-15 micro-inch roughness data
points has a slope of m = 0.73, slightly less than the majority of
data in Figure 6-1.

The phenomenon observed by Fried (Reference 6), in which the slope

of h versus p, is low for contact pressures below 150 psi, but suddenly
increases for contact pressures above 150 psi, was plotted using Fried's
data to 160 psi, neglecting, of course, his earlier 2024-T3 flat plate
data. The slope was found to be m = 0.40 (Figure 6-3).

The most unusual aspect of plotting these various data on a log-log
graphs was the proximity of the data in the 300 to 1000 psi range, al-
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though the surface roughness of the specimens varied from 3 to 130 micro-
inches in some cases. The results 28y hsve been fortuitous since there
existed a wide variation of the test parameters, such as hardness,
thermal conductivity, mean interfacial temperature, and macroscopic
surface configuration, i.e., waviness.

6.1.2 Aluminum (1)

Figure 6-2 differs from Figure 6-1 in one respect only. The data in
Figure 6-1 used Clausing's specimens 6A and TA. The data in Figure
6-2 used Clausing's specimens 1A and 2A. Note that Clausing’s data
points are closer together in Figure 6-2 than in 6-1. In Figure 6-2
the microscopic surface roughness was the same in both data sets, 12
micro-inches, and the test blocks were rotated 90° with respect to each
other. For Clausings previous data, two different sets of specimens
were used, 6A and TA, as described in Table 6-1, which had widely

varying roughnesses.

The present DACO 125-135 micro-inch data and Fried's 6061-T6 data fall
slightly below Clausing's data in the 100 to 1000 psi range, but the
17-15 micro-inch data are now closer to Clausing's micro-inch dats.

A straight line drawn through all of the data in Figure 6-2 is shown in
Figure 6-3; it is called the "Best Line Through Most of the Aluminum (II)
Data." The slope is m = 0.84, very nearly equal to m =0.88 of the "Best
Line Through Most of the Aluminum (I) Data."

The scatter, below contact pressures of 100 psi, for Aluminum (II) data
is too wide to draw a low pressure line as was done for Aluminum (I).
Fried's hypothesis of a change in slope at low pressures (below 150 psi)
requires further experimental evidence before being firmly established.

6.2 Stainless Steel

Figure 6-4 shows the data reported in the literature for stainless steel
specimens in & vacuum environment. Data are also shown for high contact
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pressures in a 1 atmosphere environment obtained by Henry of MIT
(Reference 10).

The data points fall along ﬁhree mein lines (Figure 6-5). Fried's 50-45
micro-inch data follow a slope of m = 0.11 from 10 to 110 pei and m =
0.81 thereafter, once again affirming his hypothesis. The majority of
data, however, follow a slope of approximately m = 1.05 called the "Best
Line Through Most of the Stainless Steel Data."” For the data taken in
air by Henry, the slope is m = 0.57, considersbly below the majority of
date for stainless steel at high pressures. Fried's high pressure slope
of m = 0.81 was fairly close to the Aluminum (I) and (II) values of m =
0.88 and 0.8k, respectively, but less than that of the majority of stain-
less steel, m = 1.05.

6.3 Comments on the Dependence of Contact Conductance Versus Contact
Pressure

Figures 6-3 and 6-5 show that at pressures sbove 100 psi, that h is pro-
portional to pc°'8 to p0'? for the case of aluminum, and to p 07 for
stainless steel. These results would tend to agree with the hypothesis
of Fried that above 150 psi, the deformation of surfaces pressed together
msy not be purely elastic, but a combination of elastic and plastic.

Fried cites Archard's work (Reference 12) to Justify that the real area
under a spherical indentor pressing against a flat plate would depend on
contact pressure to the power of 1 for elastic-plastic deformation and
2/3 for purely elastic deformation. It would thus seem, assuming con-
ductance is proportional in some wey to contact pressure, that for con-
tacts under pressures greater than 150 psi, some plastic as well as
elastic deformetion is involved.

COMPARISON OF LOW AND HIGH TEMPERATURE DATA

In this section, specially selected results for low temperature aluminum
TOTS5-T6 and stainless steel 17-4 PH are presented on log-log graphs. For
each metal, three different sets of data, each with a differing roughness,
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CONVERSION TABLE FOR HARDNESS OF SPECIMENS USED BY INVESTIGATORS
OF CONTACT CONDUCTANCE

TABLE 6-1
Investigation Hardness
Material (Reference) Hardness Listed (psi)
Experimen{gi Data

Aluninum Bloom Rockwell B-91 2.7 x 10°
7075-T0

Aluminum Fried Rockwell F8T, 88 1.4 x 10°
6061-T6 (6) F93 1.6 x 10°
Aluminum Fried Rockwell B-T6 2.0 x 10°
2024-T3 (9)
Aluminum Clausing DPH - 145 2.1 x 10°
2024 -Th (2)

Stainless Steel Bloom Rockwell C-35.1 5 x 10°
17-4 PH

Stainless Steel - Fried Rockwell B8O, 81 2.6 x 10°
304 (6)

Stainless Steel - Clausing DPH - 250 3.5 x 10°
303 (2)

Stainless Steel - Henry (3.5 to 6.0) x (3.5 to 6.0) x

| k16 (8) 10° psi 10°
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were plotted as a function of contact pressure. Data points for the
same roughness were designated by the seme symbols and the best straight
lines were drawn through those points.

The roughnesses of the mating surfaces, the tables from which the date
were obtained, and the slopes, m, of the h versus P lines are listed
in Figures T7-1 and T-2. The orientations of the mated surface lays

were perpendicular in all cases; the coolant used was liquid nitrogen.

7.1 Aluminum TOT75-T6

Figure T-1 shows the results of plotting data from smooth, medium, and
rough surfaces in contact on a log-log plot. The slopes of all three
sets of data in Figure T-1 are approximately equal, m = 0.87, 0.86 and
0.84. These slopes compare quite well with the average high temperature
slopes of Figure 6-3 of m = 0.84 and 0.88, obtained from date of Clausing
(5) and Fried (8). It is interesting to note that the magnitude of the
data in Figure T-1 lies considersbly below that of Figure 6-3. For
example, at 1000 psi, Aluminum (I) and Aluminum (II) best lines yield
conductances of 4000 and 5600 BIU/hr-ft2-°F, while that of the three
straight lines in Figure T-1 yield 2800, 1600 and 460 BTU/hr-fta-oF.

If the middle figure is taken as an average value, then it may be con-
cluded that h increases by a factor of 3 as Tmean of aluminum increases
from -240°F to +240°F at 1000 psi. If, however, the comperison is made
with the DACO data in Figure 6-3 at 1000 psi, then h increases to 10,000
BIU/hr-££2-OF, by a factor of 6, as T ooy lDCreases from -240°F to +24O°F.

7.2 Stainless Steel 17-L PH

Figure T-2 shows the results of plotting smooth, medium and rough sur-
face data on a log-log plot. As in the case of previous high tempera-
ture stainless steel data, the points appear to be scattered more than
the aluminum data. It was particularly difficult to draw a best straight
line through the 35-35 micro-inch and 100-125 micro-inch roughness data
as a result of this scatter. Approximate everage straight lines were,
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nevertheless, drawvn and their slopes computed. The results, smooth
t3 rono? ~-spectively, were m = 0.84, 0.71 and 0.83. These slopes
were lewss than the slope of the "Best Line Through Most of the Stain-

less Steel Data" (Figure 6-5) of m = 1.05, but approximately the same
for Fried's samples 3 and 4, m = 0.81.

It is interesting to note the effect on h of increasing Tmean of stain-
less steel specimens from -100°F to +200°F at 1000 psi contact pressure.
The value of h from the "Best Line" at 1000 psi in Figure 6-5 is 2000
BI'U/ hr-i‘ta-oF. The value of h for 35-35 micro-inch roughness specimens
at -100°F in Figure T-2 is 600 BTU/hr-ft>-°F. The value of h, therefore,
increases by a factor of 3.3 as T increases from -100°F to +200°F

at a contact pressure of 1000 psi.

APPLICATION OF THERMAL CONTACT CONDUCTANCE DATA TO A TYPICAL BOLTED
JOINT

8.1 High Temperature Bolted Joint

Using the pressure profile of Aron and Columbo (Figure 6 of Reference 13)
shown in Figures 8-1 and 8-2, it is possible to calculate an average value
of h between aluminum 6061-T6 plates fastened together by a steel bolt and
aluminum nut. The bolt has been subjected to a torque of 22 inch-pounds
or 800 pounds tension. The pressure was plotted as a function of distance
from the center line of the bolt. Knowing the pressure, a smooth curve
of conductence versus radius was plotted usling velues of high temperature
conductance obtained from the graph in Figure 6-3, "Best Line Through
Most of the Aluminum (I) Data," extrapolated to 5000 psi. This line

has a lesser slope than a line comnecting Fried's 6061-T6, 12 micro-inch
aluminum data. Thus, the computed aversge h, called ;x » at high tempera-
tures will be conservative on the low side. The average value of h is
defined as

Th,A
- _shaa 1ty
P Tra - A (8-1)

where hi is the average value of h for the annulus of area Ai’ in turn
defined as
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n(r? - rf_l) (8-2)

vwhere r; = radius from center of bolt heat. The radii of the circular
area under pressure ranged from 0.10-inches to 0.3%4 inches (the radius
at which the pressure dropped to zero), ylelding a total contact area
of 0.33 in.2. The increments in r were 0.10-inches. The average con-
ductance, h, was computed to be 10,000 BPU/hr-£t2-CF. This value is
8.6 times greater than the value computed by Aron and Columbo of h =
1170 Bru/ hr-fba-oF, based on a thermal resistence of 0.7°F/watt and

area of 0.33 in.z.

8.2 Low Temperature Bolted Joint

The effect of decreasing the temperature of the bolted joint interface
to -250°F, holding ail other paramcters constant, was calculated using
the extrapolated values of low temperature datas produced in this paper.
The data used were from Figure 7-1 for the 17-15 micro-inch roughness
line. The calculation resulted in h = 6800 BI'U/hr-ftg-"F, a decrease
of 32 percent from the conservative high temperature h calculation.
The low temperature value of h is higher, therefore, by a factor of
5.8 compared to Aron and Columbo's value of 1170 BFU/hr-£t>-°F.

8.3 Summery

An example has been given of a method used to compute the average value

of contact conductance across a bolted joint providing that the pressure
as a function of the radius from the bolt is known. The method was applied
to bolts at high (250°F) and low (-250°F) interface temperatures, which
should aid the designer of spacecraft in determining effects of tempera-
ture cycling across bolted joints. It was assumed in the calculations
that all heat flow was perpendicular to the aluminum plates held together
by the bolt-nut combination. The average conductance, h, across a bolted
joint (22 inch-pounds) was calculsted to be 10,000 BTU/hr-ft2-°F at +250°F
and 6800 HTU/hr-£t2-°F at -250°F.
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THE ELECTRICAL ANALOGY OF THERMAL CONSTRICTION RESISTANCE

9.1 A Survey of Two Thermal Contact Conductance Theories

Fenech and Rohsenow Theory - Two theories exist on thermal contact con-

ductance, both of which are currently being compared to conductance
date. The first theory, by Fenech and Rohsenow of M.I.T. (Reference
6), wes based on a button contact model. The annulus surrounding the
button could contain a conducting fluid. Their original model essumed
that the contact surfaces were optically flat or perfectly conforming
(no macroscopic gaps at the interface). They produced an equation for
thermal contact conductance which depends upon thermal conductivities,
actusl areas in contact, shoulder heights of the buttons, and numbers
of contact points. This equation is their first order equation, which
means that it taekes into account only first order surface irregularitles
such as roughness.

For a second order surface irregularity (i.e., waviness), Fenech and
Rohsenow (Reference 6) produced a second order equation. For cases of
conducting interstitial fluids, their two equations are quite compli-
cated. In the case of a vacuum environment, the equations are greatly
simplified. Using the first and second order equations as definitions
of the microscopic conductance, hg, and the macroscopic conductance, hr,,
calculations were performed on a model like the one Clausing (Reference
5) used, i.e., two spherical surfaces of known radius of curvature
pressed together. The calculations used surface roughness data ob-
tained by the analogue method for stainless steel by J. J. Henry of
M.I.T. (Reference 10). The calculated conductance values using both
the first and second order equations resulted in the theoretical pre-
dictions falling far below actual da%a velues. These calculations were
made for both stainless steel and aluminum of the same types as used by
Clausing and Chao (Reference 5). The differences between Fenech and
Rohsenow's theory and the actual data are greatest at low contact pres-
sures, but tend to diminish as contact pressures exceed 1000 psi. The
slopes of the conductance versus pressure lines are much greater for
the Fenech and Rohsenow theory than for the actual data.




The predominant contribution to the total theoretical conductance, below

contact pressures of 1000 psi was from the second order equation. The
second order equation depended mainly upon the surface flatness devia-
tion and depended only in a minor way upon the surface roughness.

Clausing and Chao Theory - The second theory of thermal contact con-
ductance, by Clausing and Chao (Reference 5) of the University of
I11inois, was derived from the constriction resistance theory of
Ragner Holm (Reference 1L4). Clausing and Chao's model also used the
Hertz (Reference 15) theory of elastic deformation of two spheres in
contact. Their actual physical model consisted of pressing two cylin-
ders together, the contact surfaces of which had been machined to a
conv~x spherical radius of curvature. The macroscopic contact area
would be circular as shown in Figure 9-1 for one cylinder.

Lirxe Fenech and Rohsenow, Clausing and Chao were awasre that surfaces
have both large and small scale surface irregularities. But Clausing
and Chao discovered that the large scale irregularities influenced con-
ductance much more than the small scale irregularities. Large scale
deviations from flatness (waviness) resulted in surfaces contacting
each other over large scale areas, called macroscopic areas. Small
scale deviations from flatness (roughness) are called asperities or
protuberances. Within a macroscopic contact area, asperities are in
contact over large numbers of small areas. Each of these small areas
is celled a microscopic contact area. From their theory and test data,
Clausing and Chao concluded that the macroscopic resistance was pre-
dominant over the microscopic resistance. Recent calculetions by this
vwriter, using Clausing's complete theory as applied to his spherical
model, verify this conclusion. Only the macroscopic resistance (or
conductance) needs to be considered for contact pressures less than
those which produce a relatively high conformity of surfaces, i.e.,
surfaces for which the macroscopic contact area is less than 40 per-
cent of the apparent contact area.

73



74

M-20454

CONSTRICTION OF
HEAT FLOW FROM
CYLINDER INTO
MACROSCOPIC
CONTACT AREA

L

////// ///%"

FIGURE 9-1




In Section 9, the thermal constriction resistance theory is clearly
related to the electrical constriction resistance theory of Holm. 1In

Section 10, Clausing's conductance equations are briefly developed to
serve as basis for calculations performed lsater.

Section 11 presents Clausing's macroscopic theory predictions. These
predictions are made for contacts at both high and low temperatures
for aluminum and stainless steel. Both Clausing's and the present
DACO data are compared to the theoretical predictions.

9.2 Thermal Constriction Problem

The thermal contact resistance problem is in reality a problem in the
constriction of the heat flow from a larger area, Ap, to a smaller area,
Ag, (Figure 9&1). In the thermsal problem, let ¢ be the temperature
potential function in the tubular region bounded by A,, A, and the tube
M. Inside the tubular region there are no sources or sinks. Therefore,

v2 ¢ -0 (9-1)

All of the heat flows along streamlines from the surface Ab’ which is
at a constant potential ¢b, to the surface A,, at a constant potential
¢a- No heat enters or leaves the heat flow tube through the surface,
M. Therefore, the normal gradient along the tube

(—‘3%) =0 (9-2)

The problem becomes one of determining the thermal constriction resis-
tance of the heat flow tube as a function of the geometry of the flow
tube. Once this is accomplished, two flow tubes are placed with their
areas A, in contact. The total thermal constriction resistance is then
twice that of the constriction resistance of the previously calculated
heat flow tube.
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It should be emphasized that at the contact between the flow tubes,
there is no contect resistance. This is essentially the case for
metal to metal contact in a vecuum environment assuming negligible
thermsl resistance due to the usual oxide coating on the contact
surfaces, A,. Thus, thermal contact resistance is the result
mainly of thermsl constriction resistance.

The reasons for the electrical analogy, derived by Holm, and applied
to a finite cylinder by Clausing, have never been fully explained in
thermal contact resistance literature. The anslogy is based on the
similar mathemstics describing the flow of heat and the flow of
electricity between two equipotential surfaces. In the electrical
case, a relation is found between the electrical resistance and the
capacitance between the two equipotential surfaces, A, and A, . The
capacitances between two plates of varying geometrical arrangements
have been thoroughly investigated and the electrostetic solutions for
certain cases are well known. Therefore, the electrical resistance
can easily be found as a function of the geometry of the tube. If
the electricel analogy is correct, then the thermal resistance, and
thus the thermsl conductance, can be determined as a function of the
geometry of the tube.

9.3 Electrical Constriction Problem

In the electricel problem, the surfaces Ay and A_ ere at constant
electric potentials $y, and @, respectively. Current flows between
these two surfaces inside of the conducting tube bounded by the
surface M.

Equation 9-2 applies to the side boundsries of the electrical tube.
Inside the tube, current is flowing and charge must, therefore, be
present. There are assumed to be no sources or sinks inside the tube.
Surface charge densities are present on the ends of the tube, Aa and
Ay which originate and terminate the electric field lines. It 1s
desired to show that V2 = O inside the tube.
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Inside the tube, Ohm's law states that

J = oF (9-3)

where J is the current density, o conductivity end E the electric field.

The conservation of charge equation applies inside the tube at every
point, since there are no sources or sinks. Therefore,

g-g + 7.F =0 (9-4)

In our case, the current flow is steady state. Therefore

E;g = 0 (9-5)

From equations 9-3, 9-4 and 9-5 we have inside the tube
V-3 = V.(E) =0 (9-6)

The electrical field E is defined as

E =-9¢8 (9-7)

Therefore, inside the tube,

V- -(@vd =o0 (9-8)

which 1s the equation governing the potential in the more general case .

of a non-constant electrical conductivity.

Equation 9-8 is identical to the steady state heat flow equation with
no sources or sinks, if the thermsl conductivity k replaces the electri-
cal conductivity o. In the electrical case, o changes slowly with tem-
perature for a conductor. In the thermal case, k slways depends on
temperature. The dependency however, is weak over a moderate (50°F)
temperature range at temperatures higher than liquid nitrogen for most
industrial aluminum and stainless steel metals (Reference 7).
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Applying equation 9-8 we have, for comstant o,

vig -o

(9-1)

for the electrical case of steady state current between two equipoten-

tial surfaces bounding the ends of a conducting current tube.

9.4 Reletion Between Electrical Resistance and Capacitance According

to Holm (Reference 1h)

The charge on Aa is, in cgs - esu units,

Q= S@gwm

Ag

On Ab sits an equal and opposite charge.

The capacitance between Aa and Ab is defined as

The total current between Aa and Ab is

I -0 AS(%%)M

Now electrical resistance 1s defined as

(9-9)

(9-10)

(9-11)

(9-12)

(9-13)




Substituting 9-9, 9-10, 9-12 into 9-13

I - (9-14)
Thus R = 1
TxoC (9-15

Equation 9-15 will form the basis of all future constriction resistanc:
work for it relates the total electrical resistance to the usually k.swn
capacitance in terms of the geometry of the physical situation.

9.5 An Application of the Electricsl Analogy

The case of interest in the problem of thermsl contact cond..tance is

the comnstriction of heat flow from a large area Ab to a srsll area Aa.
Usually the geometry is one of the heat flowing from a heat source through
a metallic cylinder, across an interface in contact with another metallic
cylinder, and then to a heat sink.

The heat is assumed to be flowing at first uniformly through the cross
section of the first cylinder. The heat is then assumed to be constricted
to flow through the macroscopic contact areas (those areas in which there
are a large number of asperities or protuberances in contact), and then
to constrict even further to flow through the individual asperities of

the first cylinder to those of the second. No contact resistance in the
form of an oxide layer or film is assumed to exist between the asperities

in contact.

The heat then flows from the asperities of the second cylinder to the

macroscopic contact area and finally redistributes itself uniformly as
it passes into that part of the second cylinder farthest removed from

the contact.
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Holm (Reference ll) sketches the methoa end cites the resultant equa-
tions used to calculate the capacitance between an infinitely large
ellipsoidal shaped shell surrounding a cireular spot of radius, a.
The rigorous derivation of the capacitance in the more general case
of an equipotential, rotational semi-ellipsoid surrounding a smaller,
equipotential, semi-ellipsoid is given in Smythe (Reference 16). If
the smaller ellipsoid is allowed to shrink to an ellipse on the sur-
face of a semi-infinite body, and further the ellipse is allowed to
assume the shape of a circle; and, if the larger ellipsoid is allowed
to expand its dimensions to infinity, the capacitance between the
circle of radius, a, and the semi-infinite, rotational ellipsoid is

i (9-16)

Figure 9-2 is a sketch of a rotational semi-ellipsoid surrounding a
circular spot of radius a. Equation 9-15, for the expression of con-

striction resistance as a function of capacitance, (and using the
thermel conductivity, k, for electrical conductivity, d) becomes

R =

£,

(9-17)

for one con“uct member. For two semi-infinite contact members placed
together the constriction across a circular spot of radius a would be

2k a (9-18)

A modified form of equation 9-18 forms the basis of Clausing's theory
(Reference 2).

9.6 Extensions of Holm's Theory to Elliptical Contact Areas

It should also be mentioned that Holm performed calculations for con-
striction resistances between ellipsoids which were finite in their
dimensions, end for contact areas which were elliptical in shape. His
resultant equations predict that as the dimensions of the surrounding
equipotential ellipse increase, the thermal constriction resistance
elso increases.
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10.

Furthermore, as the contact area changes from a circle to an ellipse of
the same-area, all other varisbles remaining constant, the contact re-
sistance should decrease. At first this prediction apparently contra-
dicts the newly obtained results (Figures 5-10 to 5-13). Perpendicular
mated leys produced higher conductance than parallel meted lays for four
different roughnesses for stainless steel specimens. The microscopic
contact areas would be expected to be more elliptical in shape for the
parallel mated lays than for the perpendicular. But the numbers of
microscopic contact areas may have been less.

It should be further noted that because the rougher surfaces had also a
larger waviness due to the grinding process, it seems unjustified to
state that Holm's predictions have been contradicted by the stainless
steel data. The actual case may very well have been that better sur-
face conformity, and hence more macroscopic areas of contact, were ob-
tained for perpendicular than for perallel mating.

CONSTRICTION RESISTANCE THEORY OF CLAUSING AND CHAO

10.1 Roess' Solution of a Concentric Cylinder Applied to Thermal

Contact Resistance

The principal contribution of Clausing and Chao to the constriction re-
sistance theory of Holm was to consider theoretically the predominance
of the macroscopic constriction resistance over the microscopic con-

striction resistance.

Clausing used the model of heat flow down a coaxlal cylinder of finite
radius and then constricted to flow into a smaller circular contact
area, A (Figure 9-1).

The original solution to the problem of the thermal resistance of a
coaxial right circular cylinder of radius bL’ feeding into a constant
potentiel circular spot of radius a. was solved by Roess (Reference 1T).
The solution remeins the same whether the length of the cylinder is of

infinite or of finite length, providing the height L of cylinder is
greater than 0.6 b, .




Roess assumed a heat flux distribution across the contact area pro-
portional to (1- —2) 1/2 yhere r 1s the radial coordinste. This hest

flux distribution resulted in an isothermal contact area, unless aL/bL
was8 near unity.

Using Roess' numerical calculations for various heat fluxes and tempera-
ture distributions, Clausing found that the constriction resistance for

the cases of constant temperature and constant heat flux st the contact |

surface area were almost identical. This result is important because
it demonstrates that the constant temperature boundary condition, the
unreal case, yields the same answer as the constant heat flux boundary

condition, the more real case for conforming contact surfaces.

The macroscopic constriction resistance of a large cylinder of radius

bL feeding into a constant potential circle of radius a is

rggéf‘L (10-1)

where k.m is the harmonic mean thermsl conductivity of the mating speci-
mens. The factor g (Xt) was the contribution of Roess who calculated
that

g(X) =1 - 1.40925 x + 0.29591 x 3
+0.05254 x O + 0.02105 x |

+0.01107 x 7 + ... (10-2)

and X, the constriction ratio, is equal to aL/bL.

For two cylinders placed end to end, the total macroscopic constric-
tion resistance is

X

R, = ?%LL% (10-3)
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10.2 Relaéionship PBetween Thermal Resistance and Thermal Conductance

The definitions of thermal resistance and thermal conductance are differ-
ent as defined by verious workers in the field. In this report, the
definition of thermsl conductance is

h = zé‘ (10-k)
where h is in units of BFU/hr-£t°-°F, Q 1s the hest flux across the
interface, and AT is the temperature difference across the interface.

It should be emphasized that thermal resistance is not the reciprocal

of thermel conductance. Thermal resistance is defined in a feshion
similar to the electrical resistence,

Q. Ay (10-5)

where Q and AI' are defined es in equation 10-l and Ab is the area of
the cylinder of radius b;. R is expressed in units of °p/BrU/hr.

The reletion between thermsl resistance and thermsl conductance is
therefore

h Ay (10-6)

The area A, i{s used whether the R in equation 10-6 is microscopic,
macroscopic or total thermal resistance.

10.3 Clausings' Model of One Macroscopic Contact Area

The theoretical and experimental model which Clausing used was that of
placing two cylinders in contact, the ends of vhich had been machined
to a convex spherical radius of curvature. The contact area of two
cylinders in contact could be determined using the Hertz equation which
defines the redius of the circular contact area to be

1] /3
- £ (1_:_!’..13_ + .L_;"aa) (X + ) (10-7)
aL El E2 ry ro




where y is Poisson's ratio, E the modulus of elasticity, P the load,
and r the curvature radius of the sphere. (lausing determined that
the pr;dicted values of the macroscopic thermal resistance were reason-
ably close to the experimental values providing ar/by, was less than
0.65. The value of by was always l-inch for Clausing's specimens.
Beyond ar/by, = 0.65, the theoreticel predictions of Clausing were
found to diverge increasingly from the data. The simple macroscopic
constriction resistance formula for two cylinders was not an accurate
prediction of actual total resistance. The microscopic asperities
(surface roughness) should, therefore, be considered in order to pre-
dict the correct total thermal resistance.

10.4 Definition of Total Thermal Conductance

The total thermal resistance at the interface beiween the specimens is

equal to (no oxide coating is assumed)

R = B, + R, (r0-8)

The total thermal conductance, substituting equation 10-6 and can-
celling A’b’ is

L R .
b b, Ry

where hy, is the macroscopic thermal conductance, and h s is the micro-
scopic thermal conductence. Substitution from equation 10-3 yields

for hI.’
hL - 28!’_‘1{“1 - 2kam'

Ay g(XL5 x by, sb&) (10-10)

10.5 Microscopic Thermal Conductance

The micrescopic constriction resistance theory of the asperities was

developed by Clausing in an identicsl menner as that of the macroscopic
constriction resistence. If there are ng mieroscopic circular contact
areas, each of radius ag, into whieh the heat is feeding from a bundle

(10-9)
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of parallel cylinders of radius by, the resistances of each of the con-
tact spots are added in parallel. Therefore, the microscopic resis-
tance of one member 1s

r = 8 ()

's
bk, 8 ng (10-11)

For the case of two bundles of cylinders placed end to end, the micro-
scopic constriction resistance is doubled and

RB = g (XS)
2k a_n

m -8 s (10-12)

From equation 10-6, the microscopic conductance is

2 km aB ns

hs‘_%gxg) (10-13)

Clausing made three assumptions concerning microscopic conductance.
First, he assumed that the radius of the cylinders bs was much larger
then a_, vhich results in g(xs) = 1 from equation (10-2). Clausing
secondly assumed that the radius of the microscopic contact area ag
was equal approximately to the rms roughness 3.

The third assumption of Cluasing was that the asperities were deformed
elastically, not plastically as Fenech assumed (Reference 6), and the
load bearing area was defined as

A = n.xa 2 = E%

s s 8 (10-14)

where P is the load, H the hardness, and g = 0.3, a factor used to teke
into asccount the increase of conductance due to non-circuler contact
areas and the greater contact area due to microscopic elastic deforma-
tion. Clausing (Reference 5) states that "This value may be low for

rough surfaces and is undoubtedly too high for well-polished surfaces."
(Fenech used £ = 1 for his button contact model.)
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Using the relation between microscopic contact pressure {H and apparent
pressure p ,

i’. N n, % a _ »,
by x b 2 13 (10-15)

Substituting for A'b in equations 10-12 and 10-6, the microscopic con-
striction conductance was found to be, assuming g(X s) =1, (calculations
bear out this assumption),

2 P Kk
s x EH = (10-16)

where km is the harmonic mean thermal conductivity defined as

k- 2k K
Ltk

10.6 Ratio of Macroscopic to Microscopic Constriction Resistance

Using the assumptions in Section 10.5, the expression BL/RS’ the ratio
of macroscopic to microscopic constriction resistance, was computed by
Clausing to be

b A S NPl A 109
Ry, by, (E%) (as) X, (10-17)
where
Py, /3 (10-18)

X, = 1.285 (%i) -a-t-)

derived by the Hertz equation 10-7, where d'b is total surface flatness
devistion.
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Calculations were made by Clausing for RD/Rs based on equetion 10-17 for
two roughnesses (20 and 40 micro-inches), for three contact pressures
(100, 200 and 400 psi), and three total flatness deviations (200, %00
end 800 micro-inches) for stainless steel and sluminum. The ratio for
stainless steel 303 ranged from 38 to 130; for aluminum 202L4-Th, 29 to
116. Clausing concluded that it was difficult to see how these ratios
were in error by even as much as an order of megnitude, despite the
assumptions involved in the calculation of R . He concluded that "in
meny ceses the resistance due to small scale constrictions is negligible;

and the macroscopic constriction resistance is the dominating resistance."

Clausing's theory, however, was based on the Hertz equation and assumed
elastic deformation of the macroscopic contact areas. In actuel practice,
Clausing verified that his theory sgreed with experimental results for
values of Xp, less than 0.65. Beyond X; = 0.65, the macroscopic areas in
contact may be plastically deformed and the Hertz equation would have to
be modified or a new expression for macroscopic contact area used.
Furthermore, as the macroscopic area in contact increases, the ratio

of macroscopic to microscopic constriction resistance decreases until
the microscopic resistance comprises a significant fraction of the total
resistance. This would be the case for optically flat surfaces, or for
wavy surfaces under high contact pressures where good surface conformity
was obtained. Under these conditions, the best theoretical prediction
of total conductance would be a combination of macroscopic conductance
due to waviness and microscopic conductance due to roughness.

The microscopic constriction conductance becomes significant at a con-
tact pressure depending upon the surface flatness deviation as well as
the modulus of elasticity of the mating materials (equations 10-17 and
10-18). The following section contains graphical predictions of macro-
scopic conductance as a function of contact pressure. It should be
noted that the condition Xp, = 0.65 is obtained for verious contact
pressures depending on the surface flatness deviation and on the Young's
modulus of the mating materials.
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COMPARISON OF CLAUSING'S MACROSCOPIC CONSTRICTION RESISTANCE THEORY
TO DATA
11.1 Clausing's Macroscopic Theory Compared to Clausing's Data

Figures 11-1 and 11-2 present theoretical predictions of Clausing and
Chao's macroscopic theory from equations 10-10 and 10-18.

The totel surface flatness deviations are indicated for each theoretical
curve on the figures. The necessary informetion upon which the curves
were computed are listed at the bottom of Figures 1ll-1l and 11-2. The

value of bL = 1.0 inches for theoretical curves and experimental datsa.

In Figure 11-1, the data for aluminum 2024-Th specimens, 3-3 micro-inch
roughness, falls almost exactly along the 40O micro-inch flatness devia-
tion line up to pressures of 300 psi at which pressure the theoretical
curve begins to diverge increasingly from the data points. At 1000 psi,
the data points produce values of h of about 4000 Btu/hr-ft>-CF and the
theory predicts values of 12,000 Btu/hr-fte—oF, a difference of a factor

of 3.

For the aluminum specimens of 40-80 micro-inches, values of h lie above
the 400 micro-inch flatness deviation indicating that the actual flat-
ness deviation of the specimens may have been less than 400 micro-inch
due to the sandblasting process of roughening the contact surfaces,
after the measured 44O micro-inch flatness deviation hed been obtained.
Observe that these data points also fall below the 400 micro-inch sur-
face flastness deviation as the cont=~* pressure is increased, by sbout
the same amount as the 3-3 micro-inch surface flatness roughness speci-

mens.

The results for stainless steel 303 and the necessary information to
compute the curves are presented in Figure 11-2. For the cases of
both increasing and decreasing pressure, the values of h lie below
the theoretical 50 micro-inch total surface flatness deviation curve.
The frequently reported hysteresis effect (References 4, 5, 8 and 11)
of conductance versus pressure is a probable explanation of the values
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M-21066

— = CLAUSING'S MACROSCOPIC CONDUCTANCE THEORY PREDICTION.
TOTAL FLATNESS DEVIATION IS INDICATED FOR EACH CURVE.

@ = CLAUSING’S DATA FOR 440 MICRO-INCH TOTAL FLATNESS
DEVIATION; 40-80 MICRO-INCH RMS ROUGHNESS.

@ = CLAUSING'S DATA FOR 440 MICRO-INCH TOTAL FLATNESS
DEVIATION; 3-3 MICRO-INCH RMS ROUGHNESS.

ALUMINUM 2024-T4 DATA

T mean = +235°F
Em = 1.0 x 107 PSI

Km = 80 BTU/HR-FT-°F

FIGURE 11-1
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COMPARED TO
CLAUSING'S DATA
FOR STAINLESS
STEEL 303
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M-21067

= CLAUSING'S MACROSCOPIC CONDUCTANCE THEORY PREDICTION. TOTAL
FLATNESS DEVIATION INDICATED FOR EACH CURVE.

@® = CLAUSING'S DATA FOR 50 MICRO-INCH TOTAL FLATNESS DEVIATION;
3-3 MICRO-INCHES RMS ROUGHNESS; INCREASING CONTACT PRESSURE.

O = CLAUSING'S DATA FOR 50 MICRO-INCH TOTAL FLATNESS DEVIATION;
3-3 MICRO-INCHES RMS ROUGHNESS; DECREASING CONTACT PRESSURE.

STAINLESS STEEL 303 DATA

T mean = +230°F
Em=2.8x107 PSI
Km = 9.3 BTU/HR-FT-°F

FIGURE 11-2

91




92

of h being greater for the decreasing pressure data. It is interesting

to observe that at 300 psi, the value of h theoretical is 800 Btu/hr-ft2-°F
while that of h experimentsl (increasing p,) is about 200 Btu/hr-£t2-°F,

a difference of a factor of four. Beyond 300 psi, the theoretical curve
diverges to infinity, but the data poilnts appear to increase steadily

along a curve whose slope is increasing with pressure.

Considering the relationship between h, hy, and hg,

1
h by, n_ (10-9)

it is seen that as P, increases, hL may approech the same order of
magnitude eas hs’ because the macroscopic area in contact comprises

a significant fraction of the contact area, Ab' This is the condi-
tion which probably occurs when XL is greater than 0.65. For these
cases of large macroscopic contact areas, both hL and hs must be con-
sidered in determining the total value of h. Furthermore, the Hert:z
equation, which assumes elastic deformation between spheres may have
to be modified at higher loads to take account elastic-plastic defor-

mation.

11.2 Clauaiggl§*throscopic Theory Compared to DACO's Low Temperature
Data

Figures 11-3 and 11-l4 present Clausing's macroscopic constriction theory
curves for various total flatness devistions based on the Clausing spheri-
cel contact surface model. The curves were plotted using the physical
property date of aluminum TOT5-T6 and steinless steel 17-4 PH at those
temperatures at which the thermsl conductgnce data was obtained (Refer-
ence 18).

The Merz Electronic Gauge was used to measure the surface flatness
deviations of the aluminum specimen after the test was completed.

The meximum total flatness deviation was found to be 500 micro-inches
(Figure 2-8) for the sluminum TOT5-T6 test specimens. Before testing,
the height gauge, accurate to 50 micro-inches, recorded surface flat-
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ness deviations of 200 micro-inches for each test block, or a total of
400 micro-inches.

The actual data for aluminum TO7T5-T6 17-15 micro-inch roughness, falls
considersbly above the 400 and 600 micro-inch curves up to contact pres-
sures of 500 psi. The data then begin to approach the 400 micro-inch
flatness deviation curve. One explanation for the greater values of h
than those predicted by theory would, of course, rest on the fact that
the present contact surfaces were ground on a stone grinder and vere
not spherical in shape. Surface flatness deviations would assume the
form of macroscopic hills and valleys, or high areas and low areas,
(Figure 2-8). Depending upon how the specimens were placed together,
verious numbers of macroscoplc contact areas might be obtained, and
therefore, the model of a multi-mecroscopic contact area would be more

e

appliceble than a single macroscopic contact area.

A similar situstion prevails for the stainless steel 17-I PH data com-
pared to Clausing's macroscopic theoretical predictions (Figure 11-k).
It is interesting to observe that the smoother specimens produced data
considerably ebove the 40O micro-inch curve and closely approximating
the 200 micro-inch curve up to nearly 1000 psi. The measured total
flatness deviation was, however, 400 micro-inches for both smooth and
rough test specimens. The most plausible explanation for the differ-
ence would again be based on a multi-macroscoplc contact area rather
then a single macroscopic contact area as assumed by the theoretical

curves.

The decreased total conductance of the rougher specimens compared to
the smoother specimens could be atiributed also to the decreased con-
ductance of the microscopic asperities within the macroscopic contact
areas for the rougher specimens.

11.3 Summary of Comparisons of Clausing's Macroscopic Theory b%o Data

Clausing's macroscopic theoretical curves were compared to Clausing's
experimental data for both aluminum 2024-Th and stainless steel 303.
In both cases, the experimental values of h lay below the theoretical
values of h for values of X; greater than 0.65.
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12.

Cleusing's macroscopic theoretical curves were next compared to DACO
low temperature experimental data for aluminum TOT5-T6 and Stainless
Steel 17-4 PH. For both metals the experimental values of h lay above
the theoretical velues of h. A plausible explanation for the greater
conductance than predicted could lay in & multi-macroscopic contact
interface between the specimens rather than a single contact assumed
by Clausing's theory.

CONCLUSIONS - THERMAL CONTACT CONDUCTANCE IN A VACUUM ENVIRONMENT

12.1 Low Temperature Aluminum T075-T6 Date

The effect of increasing T, from -240°F to +80°F was to increase h
by a factor of 3.5. See Figure 5-3. The effect of increasing Tmean

from -230°F to +300°F was to increase h by a factor of 6. See Figure
5"60

Low temperature values of h equalled high temperature values if a thin
layer of vacuum grease was applied to the contact surfaces. See Figure
5-3. Using oll at the interface resulted in h values 3 times those of
gresse.

Values of h increased steadily with contact pressure for bare joints.
For cases where grease and oil were used, values of h appeared to be
independent of contact pressure over the pressure range from 40 to
TOO psi. See Figure 5-3.

Values of h were obtained for cases in which air at 1 atmosphere was
trapped in the interface and then the atmospheric pressure decreased.
These values resulted in increases in h up to 4O percent over the h
values obtained for cases where the contact surfaces were exposed to
a vacuum. See Figure 5-6.

Specimens were mated with their lays perpendicular and then parallel.
From the conductance deta, it was not possible to determine which
mating orientation produced higher values of h. Inconsistent values
of h probably resulted from different conformity of surfaces for per-
pendicular and parallel cases, and not necessarily from different
numbers of microscopic asperities in contact.




Values of h increassed as surface roughness decreased. The rate of
increase of h increased as surface roughness decreased. See Figure
5-16. The grinding process usually resulted in a greater waviness
occurring with a greater surface roughness. Therefore, the effects
of roughness on h would include an effect of waviness also.

12.2 Low Temperature Stainless Steel 17-4 PH Deta

Values of hincreased steadily with contact pressure up to 1000 psi.
Exceptions to this is the wlde data spread of very smooth, lapped
surfaces. See Figure 5-8.

As T nean increased from -100°F to +l30°F s values of h increased by a
factor of 2. See Figure 5-10.

For very smooth, flat surfaces, the data spread was quite large, but
it decreased with contact pressure. See Figure 5-8. Vacuum grease
increased .the value of h of the smoothest specimen by a variable
factor, depending on Tmean and contact pressure. See Figure 5-9.

Entrapping alir molecules at 1 stmosphere pressure resulted in increasing
h up to 50 percent compared to exposing the contact surfaces to a vacuum
before mating. See Figures 5-10 and 5-11.

As the roughness of the mating surfaces increased, regardless of the
measured flatness of the surfaces, the values of h decreased. See
Figure 5-16.

Perpendicular mated surfaces resulted always in a higher value of h
than perallel msted._surfaces. See Figures 5-10 to 5-13.

12.3 Mating of Dissimilar Metals st Low Temperatures

Changes in the h with direction of heat flow were studied. Heat was
passed from aluminum to stainless steel and then the specimens were
reversed. The spread in data was too great for any definite conclus-
ions to be made. See Figures 5-14% and 5-15. The values of h were in-
explicably lower than both the stainless steel end the aluminum results
obtained previously.
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12.4 Dependence of h Upon Contact Pressure

12.4.1 High Temperature Results - Aluminum

Plotting all the available data in the literature on log-log graph
paper resulted in

m

h ~ P,
where m= 0.8 to 0.9
for contact pressures between 300 and 1000 psi. See Figure 6-3.
Fried's hypothesis of a change in slope at pressures below 150 psi (or
theresbouts) requires further experimental evidence before being estab-
lished. For Fried's specimens m = O.4 for p, less than 150 psi. The
high temperature data for ell investigators lay close together despite

the wide variation in aluminum alloys used for 300 < P < 1000 psi.
See Figures 6-1 and 6-2.

12.4.,2 High Temperature Results - Stalnless Steel

A plot on a log-log graph of all the available data in the literature
resulted in the relationship

m
h ~ pc
where m = 1.05

for most o." the date in the literature. See Figure 6-5.

Below contact pressures of 110 psi, Fried's data for 50 micro-inch
roughness has a sudden change in slope tom = 0.11. This sudden
change in slope was not observed for Clausing's data.

12.4.3 Low Temperature Results - Aluminum TOTS-T6

For three different roughnesses, DACO low temperature experimental h
values were plotted against contsct pressure. The best straight lines
were drawn through each set of points. See Figure T7-1.




The log-log plots ylelded straight lines relating h to P, such that

vhere for all three roughnesses the slopes were approximately equal to
m= 01850

The value of m was approximately equal to that at high temperatures.
The low temperature values of h differed from the high temperature
values by a factor of from 2 to 10 as the rms roughness of the low
temperature specimens increased from 15 to 130 micro-inches. No
sudden change of slope of h versus P at low values of p, vas ob-
served.

12.4.4 Low Temperature Results - Stainless Steel 17-4 PH

For three different roughnesses, DACO low temperature experimentasl h
values were plotted against contact pressure. The best straight lines
were drawn through each set of points. See Figure T-2.

The log-log plots yielded three straight lines relating h to P, such
that |

h p':

where m = 0.8% for 8 = 17-17 u-in.
m=0.TL for & = 35-25 M -in.
m = 0.83 for & = 100-125 g -in.

The magnitudes of h for high compared to low temperature stainless
steel are greater by a factor of 1.5 to 6.5 as the rms roughness 5
increased from 17 to 125 micro-inches at 500 psi.

12.5 Application of Contact Conductance Results to a Typicel Bolted
Joint '

The average value of h across a typicel bolted Joint was calculated.
The contact pressure was known as a function of the radius from the
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litersture. Values of h at both high and low temperatures are known as
a function of pressure from the literature and from data presented in
this report.

2

The aversge value of h at +250°F was found to be 10,000 Btu/hr-f£t=-°F
2

or 8.6 times higher than Aron and Columbo's calculation.

The average velue of h at -250°F was found to be 6800 Btu/hr-fta-oF,

a decrease of 32 percent from high temperature date.

It wes assumed that all heat flow was perpendicular to the aluminum
plates held together by the bolt-nut combination. See Figures 8-1
and 8-2.

12.6 comparison of Theory to Data

12.6.1 Clausing's Macroscopic Constriction Theory Compared to Clausing's
Datea at High Temperatures

Clausing's experimental values of h were compared to his macroscopic

theory using his spherical contact model. See Figures 11-1 and 11-2.
The theory predicts that

2a. k
b, = -A.b_T_TaLg ;L . (10-10)

For the case of aluminum, the theory and data for smooth specimens

were in good agreement up to p o = 500 psi. Then theory predicted
far higher values of h than data produced as P. increased.

For the case of stainless steel, both theory and date are in good agree-
ment up to 200 psi; then theory begins to exceed data.

For both cases, theory predicts infinite values of h at contact pres-
sures for which experimental velues of h were finite. This occurred
near 1000 psi for aluminum and 400 psi for stainless steel data.
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The tendency for theory to predict mmch larger values of h than data
usually’occurred when more than 42 percent of the total apparent area
was in macroscopic contact. This would correspond to the X, = 0.65
line in the figures.

The reason for the discrepancy between theory and data is attributed
to three possible sources. Firstly, the conductance due to the asperi-
ties was not considered. If considered, it would decrease the total
conductance at high contact pressures. Secondly, the macroscopic con-
tact area predicted by the Hertz equation is only valid for elastic
spherical indentations. Thus, for the case of contact pressures high
enough to cause elastic-plastic indentations, the predicted macroscopic
areas would differ from the actual contact area. Thirdly, and most im-
portant, the theoretical value of by, will tend to infinity from the very
nature of the macroscopic constriction resistance solution (equation
10-10). As X; approaches 1, g (X;) approaches zero.

12.6.2 Clo::ing's Macroscopic Constriction Theory Compared to DACO
Data at Low Temperatures

Theoretical curves were plotted for h versus p c using Clausing's spheri-
cal contact model and macroscopic theory only. The experimental values
of h at low temperatures were compared to the theoretical curves. See
Figures ]_1—3' and 1l-4. The experimental contact surfaces were not
sphe-lcally ground, but had a large scale wrviness.

For contact pressures up to 1000 psi, both the aluminum T075-T6 and
cttainless steel 17-U4 PH conductance data exceeded macroscopic theory
predictions. A probably reason for this result would be a multi-
macroscopic contact interface between the specimens. The Clausing
theory was based on a single macroscopic contact area.

RECOMMENDATIONS FOR FUTURE VACUUM CONDUCTANCE WORK
13.1 Experimental Work

The pressures under a typical bolt and nut joint were as high as 5000
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psi for a torque of 22 inch-pounds. Therefore, data should be obtained
for common structural materials, aluminum and steinless steel, for con-
tact pressures up to 5000 psi, at least.

Conductance values should be obtained for the mating of dissimilar
materials. Tests should also be made on mating metals with non-metals,
end non-metals with non-metals. New titanium alloys used in advanced
aircraft should also be tested.

The effect on contact conductance of interstitial materials such as
grease, oils, foils, and other materisls should be further investi-
gated over a range in interface temperatures and contact pressures.

Effort should be undertaken to obtain a flatness deviation relief map
for each of a pair of meting surfaces. When the surfaces are mated,
in the perpendicular or parallel orientation, data could be obtained
leading to a theory of multi-macroscopic contact areas. The purpose
of the tests would be to predict the size and numbers of the multi-
macroscopic contact areas as a function of apparent contact pressure.

13.2 Anslyticsal Work

First consider Clausing's spherical contact model. Comparison of the
Clausing and Chao macroscopic constriction theory to Clausing's data
shows that the theory diverges to infinity, whereas the data were
finite, at moderate contact pressures. Combining Cleusing's micro-
scopic theory with his macroscopic theory resulted in only a small
decrease compared to the case of the macroscopic predictions alone.
Recent calculations in which Fenech and Rohsenow's microscoplc theory
was combined with Clausing's macroscopic theory also resulted in only

a small decrease in the macroscopic prediction. These calculations
employed snalogue date for stainless steel (Reference 10). The micro-
scoplc conductances produced were larger than the macroscopic by two or
three orders of magnitude. If the microscopic conductance was less
than the macroscopic at moderate pressures, then the Fenech and Rohsenow
microscopic model would have been combined with the Clausing and Chao
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macroscopic theory in order to reduce the magnitude of theoretical con-

ductance predictions.

Therefore, a microscopic theory should be developed, such that the con-
ductance values which it predicts can prevent the total conductance from
diverging to infinity at contact pressures less than 5000 psi, or a
better macroscopic theory should be constructed which does not diverge

so rapidly.

Consider the more usual type of surface which has a waviness in addition
to the roughness. Mate two of these surfaces togehter. There will
definitely be more than one macroscopic area. What 1is needed, there-
fore, is a model of a surface which approximates the waviness of a
ground specimen. If the macroscopic conductance is predominant over

the microscopic, as Clausing and Chao assert, then this model may be
sufficient up to moderate pressures. If, however, the theory once

more predicts divergence to infinity of conductance at moderate pres-
sures, then the microscopic conductance would have to be considered in
addition to the multi-macroscopic.

The DACO low temperature data indicated that conductance varied inversely
with roughness. But it should be noted that for surfaces ground on a
Thompson stone grinder, waviness tended to increase as rms roughness
increased. It may be difficult to separate the effect of one order of
surface irregularity (waviness) from another order (roughness).

If the simple concept of macroscopic and microscopic conductance fails,

a spectrum of surface irregularities masy ultimately have to be considered.

The contacts between two ground surfaces would then be made up of a
spectrum of contact areas. This spectrum would range between the macro-
scopic, the semi-macroscopic and the microscopic. All would be combined
to predict the total contact conductance for a vacuum environment.
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15. NOMENCLATURE

A cross-sectional area through which heat or electrical charges
pass (£t2)

a radius of a contact ares

b radius of a cylindrical specimen

c electrical capacitance between two conductors

a small change in

dy total flatness deviation (micro-inches)

E modulus of elasticity (psi) or electric field

g(x) Roess: series defined by equation 10-2

H hardness of mating materials (psi)

h thermal contact conductance (BTU/hr-fta-oF)

I electrical current

J electrical current density

k thermal conductivity (BIU/hr-ft-°F)

L length of cylindrical specimen

M sides of heat or electrical flow tube

n power dependency of h on contact pressure

n number of points in contact or outward normel to a surface

P load (1b)

P, contact pressure (psi)

Q heat rate (BIU/hr) or total charge on a capacitor surface

q heat flow rate or heat flux (BFU/ hr-ftz)

R electrical or thermal resistance (°F/HIU/hr)

r radius of curvature of spherical contact surface or radial

coordinate
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temperature (°F)

interfecial temperature difference (°F)
arithmetic mean interfacial temperature (°F)
time

constriction ratio = a/b

rms, surface roughness (micro-inches)
micro

Poisson's ratio

proportionality constant between p, and E
net, free charge density

electrical conductivity

electrical or temperature potential

SUBSCRIPTS

circle of radius a

circle of radius b

ith element

macroscopic or large scale
harmonic mean

microscopic or small scale
total

surface or specimen 1

surface or specimen 2
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